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ABSTRACT
Mosses which are the dominant plants in Antarctica, have to tolerate harsh environments such
as cold temperatures, freezing and desiccation. In addition, ozone depletion has led to increased
ultra violet (UV) radiation level at the surface in Antarctica. Previous research reported that UV
screening pigments called ultraviolet absorbing compounds (UVACs) accumulated in mosses
when UV radiation was enhanced. Therefore, UVAC concentration change throughout Antarctic
moss shoots might describe past changes in ozone concentration, thus UV radiation, and
possibly other climates over Antarctica, for which direct data is not available.
This study aimed to determine whether UVAC concentration in various Antarctic mosses
changes over time and in response to past environmental factors such as ozone area/depth and
water availability. In addition, this study investigated whether UVACs in Antarctic mosses can
be used as biological proxies to reconstruct changes in past Antarctic climate.
The three types of moss sample preparations analysed were fresh then frozen, air dried and
freeze dried. The effect of excluding a cell wall (CW) extraction step on UVAC concentrations
was also investigated, since this would have saved time. Drying before grinding and extracting
samples did not affect UVAC concentration or composition. Therefore, air dried Antarctic
mosses were used in this study. In addition, the pre CW extraction washing process step was
found to be necessary as it led to a higher concentration of UVACs.
Dated shoot segments of four different Antarctic mosses, Bryum pseudotriquetrum, Ceratodon
purpureus, Chorisodontium aciphyllum and Schistidium antarctici were extracted following
method optimisation. These intracellular (IC) and CW UVAC concentrations were compared
over time and with ozone area/depth and water availability. CW-bound UVACs in three species,
B. pseudotriquetrum, C. aciphyllum and S. antarctici, were preserved and the accumulation of
compounds in B. pseudotriquetrum was observed as a response to ozone depletion. This species
possibly can be used as a biological proxy to reveal past ozone concentration changes over
Antarctica. B. pseudotriquetrum also showed a significant accumulation of CW UVACs in wet
conditions, therefore bioavailable water might be necessary for UVAC production. Since S.
antarctici long shoots can grow for 500 years, thus, this moss might be able to record long-term
climate change over Antarctica. However, this species is thought to be vulnerable to
environmental changes and it gave no response to ozone depletion or water availability in this
iv

study. Other environmental factors must be assessed to see if there are significant changes in
UVAC levels as a response to these environmental stresses. In C. purpureus, on the other hand,
UVACs were not preserved over time and did not respond consistently to the environmental
factors measured in this study.
The work in this thesis contributes to developing our understanding of UVACs and their
response to environmental stresses in plants which survive under harsh environments. In
addition, from this study, the importance of CW UVAC investigations is confirmed.
Furthermore, this provides better understanding of and expands the possible use of Antarctic
mosses as biological proxies for reconstruction of past Antarctic climate change.
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CHAPTER 1
1.1 Overview
The Antarctic continent, characterised by strong winds and freezing temperatures, is especially
sensitive to a changing climate making Antarctic organisms very vulnerable (IPCC, 2001, Lee
et al., 2017). One such change is due to stratospheric ozone depletion over Antarctica leading to
enhanced ultraviolet-B (UV-B) radiation reaching the earth’s surface, which could also be very
detrimental to Antarctic terrestrial plants and animals. Bryophytes (mosses and liverworts),
which are the dominant plants in the region (Ochyra et al., 2008), would therefore need to have
developed efficient mechanisms to inhabit the harsh environment and be able to adapt in
response to enhanced UV-B irradiance (Ziska, 1992). These organisms often show
accumulation of UV screening pigments called ultraviolet absorbing compounds (UVACs) with
an increase in the level of UV-B radiation (Newsham and Robinson, 2009). In addition to direct
UV-B protection, some of these compounds also play roles as antioxidants to scavenge reactive
oxygen species (ROS), which are induced by UV-B exposure and cause indirect damage to
biological molecules (Robinson et al., 2003, Gill and Tuteja, 2010). Accumulation of UVACs is
the most common defense to UV irradiance in plants (Bornman et al., 1997) and this strategy
may be more important and efficient for polar mosses since they have a lack of morphological
protection from UV light (Gehrke, 1999) and also DNA repair processes do not occur when
they become inactive during desiccation or freezing (Cockell, 1999).
Although there are many studies determining the concentration of methanol extractable
intracellular UVACs in various bryophytes, recent studies revealed cell wall-bound compounds
could provide more efficient protection from UV-B radiation (Clark and Robinson, 2008,
Waterman et al., 2017). Therefore, the investigation of UVACs bound to the cell walls of plants
may provide better knowledge of their defense strategies against UV-B light. Furthermore, the
correlation between enhanced UV-B radiation and the accumulation of UVAC may contribute
to reconstructing the past Antarctic environment prior to when reliable measurements of UV
radiation were developed (Rozema et al. 2002). The mechanism of tracking UVACs down moss
shoot has been provided (Waterman, 2015). Given mosses, which are the dominant plants in
Antarctica, grow very slowly (Clarke et al., 2012) and can respond to UV radiation
enhancement by producing UVACs, tracking compounds in moss shoots may provide the past
1

trend of UV-B radiation level in Antarctica, thus these mosses could be important candidate as
biological proxies.
1.2 The Antarctic terrestrial biome
Antarctica is the Earth's fifth-largest continent and it is known as the driest, coldest, windiest
and most remote region on earth, (Central Intelligence Agency, 2017), where snow or ice covers
most of the land area, thus the continent’s terrestrial biodiversity occurs in limited ice free areas,
covering less than 1 % of the continent (Fretwell, 2016, Terauds and Lee, 2016). Annual
weather can be divided into only two seasons: summer and winter. Antarctic flora and fauna
experience 24 hours continuous daylight in summer (December), while continuous darkness
occurs in winter (June) (Convey et al., 2009). The average temperature in winter drops to minus
34.4 °C with the temperature much lower in the centre that the coast. This desolate continent is
too cold for terrestrial vertebrates to live, but some animals such as seals, penguins and birds
migrate to and/or live on the continent. Due to the harsh weather conditions, Antarctica cannot
support large plants such as trees or shrubs, restricting plant life to lichens, mosses and algae
that can survive the extreme environment (NASA, 2008).
1.3 Current issue in the Antarctica
1.3.1 Climate change
The frozen Antarctic region and its life are considered to be extremely sensitive to changes in
climate because of its remote and extreme location as well as the extensive amount of water
locked up as ice (Lee et al., 2017), that is highly vulnerable when temperatures shift closer to its
melting point. Consequently, this increases the vulnerability of various Antarctic biota to
change (IPCC, 2001). Climate change occurs naturally or anthropogenically but is very
complex. In the last hundred years, there is strong evidence that much of the changing climate
we are experiencing since the mid-20th century is caused by an unnatural increase in the level of
greenhouse gasses (IPCC, 2014). Increases in these gases, including carbon dioxide, warm the
Earth’s atmosphere, causing a warming effect on the surface. This leads to warmer air, water
and surface temperatures that can have dramatic effects on the biosphere (IPCC, 2007, Bennett
et al., 2015).
Different Antarctic terrestrial regions have experienced opposite trajectories with respect to
2

climate change. For example, a slight decrease of annual temperature has been recorded in the
parts of east and central Antarctica (Robinson and Erickson, 2015), while in the Antarctic
Peninsula and Western Antarctica, temperatures significantly increased at least up until 2000
(Julien and David, 2014, Turner et al., 2016). The effect of other threats such as pollution,
fisheries, overharvesting and invasive species which can interact with climate change, and how
these might influence terrestrial environments is also essential to consider (Bennett et al., 2015).
Lee et al. (2017) predict that increasing temperatures due to climate change will lead to
expansion of ice-free areas within continental and maritime Antarctica by nearly 25% by the
end of this century, such ice free areas are currently estimated to be only 0.3% of the total
continental area (Convey et al., 2009). This might bring positive effects to Antarctic
biodiversity, creating new habitat for species and increasing connectivity. However, it is unclear
if these benefits will outweigh the negative aspects such as the spread of invasive species (Lee
et al., 2017).
Temperature increase is not the only consequence of climate change, but it also results in
changing wind, precipitation and ozone concentration (Gutt et al., 2017). Ozone depletion is
another anthropogenic change to climate, caused by ozone-depleting gasses which reduce ozone
concentrations across Antarctica, and lead to high ultraviolet (Brand-Williams et al.) radiation at
the Earth’ surface as well as changes to wind and precipitation (Robinson and Erickson, 2015).
1.3.2 Ozone depletion and increasing UV-B radiation levels
Ozone, which is mostly located in the stratosphere, is very important. It protects life on the
Earth by absorbing ultraviolet-B (UV-B) radiation (wavelength range, 280 to 315nm) from the
sun. In the 1970s, an ozone hole over Antarctica started to develop and it can be observed every
Antarctic spring (Björn, 2008). According to satellite data of ozone hole area and minimum
ozone obtained from the NASA (NASA, 2018) since the late 1970s when satellite measurement
of ozone started, a dramatic increase of ozone hole area and decrease of minimum ozone were
observed, with a stable high level of ozone hole area and low level of ozone over the past 20
years (Figure 1.1). The largest mean ozone hole area was recorded between September and
October, 2006 (NASA, 2017) (Figure 1.2). Molina and Rowland (1974) suggested for the first
time that aerosol compounds known as chlorofluorocarbons (CFCs) were responsible for
causing this unnatural ozone depletion. When CFCs and other ozone depletion substances
(ODSs) are in the stratosphere, chlorine (Cl) and bromine (Br) atoms are released which
catalytically destroy ozone molecules. In Antarctic ecosystems, where it is dark for months over
3

winter, the formation of polar stratospheric clouds (PSCs) is accelerated. PSCs provide a surface
for the reactions that free chlorine atoms destroy ozone molecules, leading to ozone depletion
(Diaz, 2006). Stratospheric ozone concentration is inversely related to UV-B radiation at Earth’s
surface (Newman et al., 2009). The environment protection agreement, the Montreal Protocol,
was set up in 1987 in order to regulate use of and emission of ozone depletion substances and
this protocol is considered as the most successful environmental agreement (Australian
Goverment, 2012). 30 years later, significant recovery of the ozone hole has been observed in
the Antarctic region and it is expected that ozone will recover to its 1960 level by mid-century
with the decline in ODS emission (Kuttippurath and Nair, 2017, Chipperfield, 2017). If the
Montreal Protocol was not passed, we expect that ODSs would have destroyed more than 60%
of global ozone layer by 2065 in comparison to 1980 and large ozone loss would be seen in the
polar latitudes. The changes calculated for northern summer midlatitudes, reveal that the UV
flux at wavelengths below 308 nm would have more than doubled by 2065 (Newman et al.,
2009).

(a) Ozone Hole Area

(b) Minimum ozone
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Figure 1.1: Satellite data of (a) maximum daily ozone hole area in million km2 and (b) minimum
daily ozone in Dobson units for Southern Hemisphere ozone from 1979 to 2017. Data obtained from
NASA (2018).

4

Sep 1979
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Sep 2017

Figure 1.2: Changes in total ozone concentrations over time from 1979, 2006 and 2017 in
September. The scale shows purple and blue indicating the least ozone, while there is more ozone in
areas shown by yellow and red (NASA, 2018)

1.4 Effect on Antarctic plant ecosystems
Ozone depletion affects Southern Hemisphere climate processes, including wind speed and
surface UV levels (as reviewed in Bornman et al. (2015), (Robinson and Erickson, 2015)). The
expansion of the ozone hole increases wind speeds and therefore influences terrestrial water
availability due to evaporation and in polar environments, sublimation. In Antarctica, decreases
in plant growth rate has been related to the decline of water availability associated with
increasing wind speeds. In addition, ozone depletion leads to shifts in precipitation, leading to
droughts and floods, and also it is linked with temperature changes in Antarctica (Robinson and
Erickson, 2015).
Elevated UV-B radiation in plants can cause changes in photosynthesis and thus growth, it is
important to consider how plants can survive in the harsh Antarctic climate with this extra UV
radiation. Although some studies have found no relationship between photosynthetic parameters
and UV-B dose in certain Antarctic flora (Lud et al., 2001); other studies showed less biomass,
reduced leaf area and a reduction in quantum yield of photosystem II in the two Antarctic
flowering plants (Deschampsia antarctica and Colobanthus quitensis) with UV-B exposure
(Day et al., 2001, Xiong and Day, 2001). A negative effect of UV-B radiation on photosynthesis
has also been found in Antarctic mosses, with Sanionia uncinata, showing a decrease in
photochemical yield upon enhancement of UV-B level (Montiel et al., 1999) and Schistidium
antarctica, a decrease in chlorophyll concentration (Robinson et al., 2005) .
5

UV-B radiation causes damage to biological molecules such as nucleic acids, lipids and proteins
through 1) the direct absorption of its high frequency, short wavelength radiation and/or 2) the
indirect damage caused by the UV-induced production of reactive oxygen species (ROS)
(Robinson et al., 2003, Gill and Tuteja, 2010). DNA molecules are particularly sensitive to UV
radiation because they absorb the shortest wavelengths within UV range (Buma et al., 1995) and
are considered to be more sensitive than photosynthetic pigments and structures (Lud et al.,
2001, Lud et al., 2002). When DNA absorbs UV-B radiation, cyclobutane pyrimidine dimers
(CPDs) are formed damaging the secondary structure of DNA and this usually leads to the
activation of repair processes (Buma et al., 1995). However, it is expected that Antarctic
organisms which live in freezing conditions would be exposed to higher damage levels due to
the inhibition of repair mechanisms at low temperatures (Pakker et al., 2000). A meta-analysis
study of data from 34 field experiments revealed that common UV-B responses of Arctic and
Antarctica plant species were increased DNA damage as well as declining above-ground
biomass and plant height (Newsham and Robinson, 2009).
1.5 Plant life in Antarctica
Antarctic terrestrial vegetation is characterised by cryptogamic plants including algae, fungi,
mosses, liverworts and lichens, with only two flowering plants, the hairgrass (D. antarctica) and
the pearlwort (C. quitensis) both limited to the west coast of the Antarctic Peninsula (Ochyra et
al., 2008). The distribution of these cryptogamic plants differs across biogeographic zones
because of the climate conditions. Huiskes et al. (2006) summarised the number of native plant
species, macrofungi, lichens, mosses, liverworts, ferns and angiosperms, within three
biogeographical zones of the Antarctica (Figure 1.3), the subantarctic, the maritime Antarctic
and the continental Antarctic region. Richer biodiversity has been recorded in the subantarctic
region, where the average temperature is above freezing and more nutrients are available. On
the other hand, biodiversity in the continental Antarctic area is much more limited; by less than
50% compared to the subantarctic region. Antarctic vegetation mainly inhabits the ice-free areas
of islands and the continent as well as occasional interior nunataks (Royles and Griffiths, 2015).
The growth of Antarctic plants is thought to be limited due to the constraints of living in an
environment with reduced water, and light availability that restrict their photosynthesis and
therefore growth (Melick and Seppelt, 1997). In addition, they can only grow during the 4-5
summer months when temperatures are high enough for metabolic activity. To survive through
the harsh conditions in Antarctica, such as beneath snow during the long polar winter and with
6

high levels of UV radiation because of ozone depletion, these organisms need to be extremely
tolerant to desiccation, freezing temperatures and UV exposure. For example, they can survive
under frozen and desiccated conditions over winter because many Antarctic plants are
poikilohydric, meaning they are active only when they are hydrated (Robinson et al., 2003).

Figure 1.3: Map of Antarctica. The area of dark shading, medium shading and light shading indicate
continental Antarctica, the maritime Antarctic region and the subantarctic area, respectively. This map is
adapted from Huiskes et al. (2006).

1.6 Structure and UV protection in Antarctic bryophyte species
Bryophytes are the dominant plant life in Antarctica. Especially, mosses show a rich diversity in
the continent and consists of more than one hundred species, two varieties, fifty-five genera and
seventeen families (Ochyra et al., 2008). Many bryophyte species form dense turfs, that have
spread and developed into ecologically and geographically diverse communities, depending on
rock, soil pH and nutrient status, organic content and hydrology of substrates (Lewis Smith,
2005).
Compared to vascular plants, UV radiation damage may affect bryophytes more strongly
because of their lack of complex features. Most bryophyte organisms have simple structures
such as thin and undifferentiated leaves, with no protective waxy cuticle or thick epidermal
layer, which can lead to the transmittance of UV-B irradiation into the tissue. Their lack of roots
also restricts belowground uptake of water and nutrients or storage of assimilates. In addition,
the poikilohydric nature of most bryophytes means that air humidity positively affects these
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non-vascular plants, therefore during periods of drought and UV-B light stress, they cannot
respond immediately to repair damage caused by UV-B exposure (Gehrke, 1999). However, it
is believed that native species of exposed habitats where high levels of UV radiation can be
observed tend to show better developed mechanisms to minimize the damage from UV-B
exposure than organisms found in low UV (shaded) environments (Ziska, 1992).
1.7 Mechanism for UV tolerance
1.7.1 UV-B absorbing compounds
A variety of components absorbing UV light, namely ultraviolet-absorbing compounds
(UVACs), such as flavonoids, mycosporine-like amino acids, carotenoids, phenolics and
hydroxycinnamic acids have been extracted from many organisms including vascular plants,
bryophytes, algae and phytoplanktons (Robinson and Waterman, 2014) These compounds can
screen specific wavelengths especially UV-B radiation but transmit photosynthetically active
radiation (Taylor, 1997). The accumulation of UVAC as a response of UV-B irradiation has
been reported in many plants. In fact, the meta-analysis of 62 field studies in vascular plants
showed an average 10% increase in UVACs with enhanced UV-B radiation (Searles et al.,
2001). Producing UVACs is thought to be the most common plant defense to increased UV-B
radiation (Bornman et al., 1997) and it is thought to be more efficient for polar and alpine
bryophytes to avoid UVB damage than repair it, because these plants become physiologically
inactive during desiccation or freezing (Cockell, 1999). Another meta-analysis of data from
field experiments on the UV-B response in plant species in Arctic and Antarctica found an
increase in concentration of UVACs was a common response (Newsham and Robinson, 2009).
Although species variation can be seen in a response to UV-B radiation, a number of studies
have revealed an increase of photo-protective compounds as a response to elevated UV-B
radiation in Antarctic bryophytes. For example, the Antarctic mosses Bryum pseudotriquetrum
had positive associations between concentrations of UVACs and UVB radiation levels (Dunn
and Robinson, 2006). In addition, a significant accumulation of UVACs were also observed in
the Antarctic mosses Bryum argenteum (Ryan et al., 2009), Andreaea regularis and S. uncinata
(Newsham, 2003, Newsham et al., 2002). Some liverworts such as Cephaloziella varians (Snell
et al., 2009, Newsham et al., 2005) and Jungermannia cordifolia (Arróniz-Crespo et al., 2008)
also responded to enhanced UV-B radiation by increasing the concentration of UVACs.
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The Antarctic moss Pohlia nutans showed accumulation of mRNA expression of certain
flavonoid hydroxylase genes after UV radiation (Liu et al., 2014) and this might be evidence
that UV-B irradiance induces UVACs in Antarctic mosses as a strategy of UVB protection.
Furthermore, a non-linear relationship of DNA damage and no effect on photosynthetic activity
with an increase in UV-B levels were reported for the Antarctic moss S. uncinata, indicating its
well adapted to cumulative UV-B dose (Lud et al., 2002), probably because of the concomitant
increase in UVACs in this species (Newsham et al., 2002).
Flavonoids are the major secondary metabolism group, which can be found in a variety of plants
and confer protection from UV radiation (Caldwell et al., 1983, Treutter, 2006). They have
diphenylpropane (C6C3C6) skeletons, contaning two hexacarbonic aromatic rings (A and B
rings) linked by a heterocyclic ring composed of three carbon and one oxygen atom (C ring)
with a benzenic A ring (Figure 1.4) (Heim et al., 2002). Depending on variations in the C ring
and hydroxylation pattern, flavonoids can be divided into different subgroups such as flavones,
flavonols, isoflavones and anthocyanins (Tsao, 2010). The biosynthetic pathways of these
flavonoids have been reviewed by (Robinson and Waterman, 2014). In the early biosynthesis
pathway, the simplest structural compounds such as flavonoids can be seen, while compounds
which appear later in the biosynthetic pathway such as anthocyanins are thought to have
evolved most recently (Stafford, 1991).

Figure 1.4: Structure of a flavonoid. Image obtained from Cook and Samman (1996).

A number of studies have identified the structure of UVACs in terrestrial polar flora (Table 1.1).
In addition to Antarctic flora, species found in the subantarctic, Arctic and subarctic are
included in this table. In the majority of studies, compound identification was conducted using
samples collected in temperate regions, however these species have also been found in polar or
subpolar areas, therefore these compounds were considered as UVACs in polar species.
Although most studies only identified UVAC compounds, UVAC response to UV-B radiation
was investigated in some studies. The concentration of particular compounds increased as UV-B
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radiation was enhanced and these compounds performed differently depending on their
localisation. For example, Ruhland et al. (2005) found increased concentration of ferulic acid
only intracellularly, while p-coumaric and caffeic acid increased only in cell walls in the
Antarctic grass, D. antarctica. Ruhland and Day (2000) investigated only total UVAC response
and found an increase of total intracellular UVAC concentration in the Antarctic cushion plant,
C. quitensis, however, the response of the specific compounds identified to UV-B radiation is
unknown.
According to Table 1.1, a variety of flavonoids have been extracted intracellularly from several
polar and subpolar mosses and identified especially, flavones such as apigenin and luteolin, and
also biflavonoids. On the other hand, phenolics such as p-hydroxybenzoic, vanillic and ferulic
acid would be common compounds in cell walls of mosses from polar and subpolar regions.
Although there is a lack of studies investigating the response of specific UVAC to UV radiation
enhancement, a total UVAC concentration change as UV radiation increases has been seen in a
variety of polar plants (Table 1.2).
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Table 1.1: Some examples of the diverse range of UV-B-absorbing compounds extracted, isolated and characterised from polar (Antarctic or Arctic)
bryophyte species. Unknown refers to the lack of evidence into specific compound changes in response to UV radiation increase. NI = Not Investigated
Species
Types of UV-B-absorbing compounds
Location
Region
Increase as a
Antioxidant Reference
UV-B
activity
response
Grass
Deschampsia
Three hydroxycinnamic acids (p-coumaric,
Intracellular Antarctica
Yes
NI
Ruhland et al.
antarctica
caffeic acid and ferulic acid)
and cell wall
(2005)

Cushion
plant
Liverwort

Mosses

A total of nine flavonoids (e.g. major compounds
include flavone-C-glycosides,
Isoswertiajaponinorientin)

Intracellular

Unknown

NI

Webby and
Markham
(1994)

Colobanthus
quitensis 1
Cephaloziella
varians

p-coumaric acid and ferulic acid

Intracellular
and cell wall
Intracellular
and cell wall

Antarctica

Unknown

NI

Antarctica

Yes

NI

Ruhland and
Day (2000)
Snell et al.
(2009)

Marchantia
polymorpha
(aquatica)

Ten flavonoids and their derivatives (e.g. major
compounds include apigenin glucuronide and,
luteolin glucuronide derivatives, with apigenin
and luteolin in lower levels)

Intracellular

Temperate
(New
Zealand )^^

NI

NI

Markham and
Porter (1974)

Metzgeria
furcata

One flavone derivative isolated (isofurcatain 7O-β-D-glucopyranoside)

Intracellular

Temperature
(Switzerland)^^

NI

NI

Markham
Kenneth et al.
(1982)

Bartramia
pomiformis

Seven flavones (apigenin, apigenin7-Otriglycoside, lucenin-2, luteolin-7-Oneohesperidoside, saponarine and vitexin) and
one biflavonoid (bartramiaflavone)

Intracellular

Temperate
(Spain)**

NI

NI

Basile et al.
(1999)

Brachythecium
rutabulum

Three phenolics (gallic, m-coumaric and transcinnamic acid)
Four phenolics (p-hydroxybenzoic, vanillic, mcoumaric and ferulic acid)

Intracellular

Temperate
(UK)^^

NI

NI

Davidson et al.
(1989)

A purple anthocyanidin (Riccionidin A)

Cell wall
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Species

Types of UV-B-absorbing compounds

Location

Region

Antioxidant
activity

Reference

Antarctica

Increase as a
UV-B
response
NI

Bryum spp.
incl. Bryum
argenteum

Apigenin and luteolin glucosides and their 6"malonyl esters, and 7-O-glucosides of 8hydroxyapigenin and 8-hydroxyluteolin

Intracellular

NI

Markham and
Given (1988)

Bryum
argenteum 1

Luteolin and apigenin

Intracellular

Antarctica

Yes

NI

Ryan et al.
(2009)

Bryum
capillare

Isoflavones orobol and pratensein and their 7-Oglucosides

Intracellular

Temperate
(Germany,
Switzerland,
Luxemburg,
Japan)**

NI

NI

Anhut et al.
(1984)

Bryum
pseudotriquetru
m (syn. Bryum
algens) 1

More than fifteen flavonoids found including
flavone, flavonols and their glucosides (e.g.
vicenin 2, apigenin 7-O-neohesperidoside,
kaempferol 3-O-glucoside)

Intracellular

Temperate
(Austria,
Vosges, France,
Germany)^
Antarctica

NI

NI

Stein and
Zinsmeister
(1990)

NI

NI

Temperate
(New
Zealand)##
Temperate
(New Zealand)^

NI

NI

NI

NI

Webby et al.
(1996)
Geiger and
Markham
(1992)
Geiger and
Markham
(1992)

Campylopus
clavatus

Three biflavonoids (e.g. campylopusaurone)

Intracellular

Campylopus
holomitrium

Three biflavonoids (e.g. campylopusaurone)

Intracellular
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Species

Types of UV-B-absorbing compounds

Location

Region

Ceratodon
purpureus

Two biflavonoids (5′,8′′-biluteolin and 2,3dihydro-5′,3′′′-dihydroxyamentoflavone)

Intracellular
and cell wall

Antarctica

Four hydroxycinnamic acids (p-coumaric acid,
vanillin, p-hydroxybenzaldehyde and transferulic acid)

Cell wall

Diosmetin triglycoside, diosmetin 7-Oglucopyranoside, two biflavonoids (5′,3′′′dihydroxyamentoflavone and 5′,3′′′dihydroxyrobustaflavone), apigenin-7-Otriglycoside and luteolin-7-O-neohesperidoside

Intracellular

Dicranoloma
robustum

Five bioflavonoids (e.g. dicranolomin)

Intracellular

Hedwigia
ciliate

Lucenin-2

Hypnm
cupressiforme
Hylocomium
splendens 1

Dicranium
scoparium

Increase as a
UV-B
response
NI

Antioxidant
activity

Reference

Yes

Waterman et al.
(2017)

NI

Yes (Two
biflavonoids
and transferulic acid)

Temperate
(Sweden)
Temperate
(Germany)
Temperate
(Spain)**
Temperate
(New Zealand)#

NI

NI

NI

NI

NI

NI

NI

NI

Intracellular

Temperate
(Spain)*

NI

NI

Basile et al.
(1999)

Two flavonols, three biflavanones and a
flavanone

Intracellular

Temperate
(Germany)**

NI

NI

Sievers et al.
(1992)

Seven flavonoids (e.g. 5′,3′′dihydroxyrobustaflavone)

Intracellular

Temperate
(Switzerland
and
Germany)**

NI

NI

Becker et al.
(1986)

Intracellular
Intracellular
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Österdahl
(1979b)
Geiger et al.
(1993)
Basile et al.
(1999)
Markham et al.
(1988)

Species

Types of UV-B-absorbing compounds

Location

Region

Increase as a
UV-B
response
NI

Antioxidant
activity

Reference

Mnium hornum

Three biflavonoids, 6 4,2'-epoxy-3-phenylcoumarin derivatives (isoflavone related) and
a sugar cafeate

Intracellular

Temperate
(Germany)

NI

Brinkmeier et
al. (1999)

Four phenolics (gallic, protocatechuic, caffeic
and ferulic acid)
Four phenolics (protocatechuic, phydroxybenzoic, vanillic and ferulic acid)

Intracellular

Temperate
(UK)**

NI

NI

Davidson et al.
(1989)

Mnium
undulatum
(syn.
Plagiomnium
undulatum )

Seven flavonoid C-glycosides (e.g. schaftoside)
and five biflavonoids (e.g. 3'"desoxydicranolomin)

Intracellular

Temperate
(Sweden)
Temperate
(France and
Germany)**

NI

NI

NI

NI

Österdahl
(1979a)
Rampendahl et
al. (1996)

Plagiomnium
affine

Seven flavone glycosides (e.g. isoorientin)

Intracellular

Temperate
(Germany)
Temperate
(Spain)**

NI

NI

NI

NI

Cell wall

Intracellular
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Freitag et al.
(1986)
Basile et al.
(1999)

Species

Types of UV-B-absorbing compounds

Location

Region

Plagiomnium
cuspidatum

Three dihydrobiflavones and saponarine

Intracellular

Temperate
(Germany)

Intracellular

Intracellular

Pleurozium
schreberi 1

Apigenin and apigenin-7-rhamnoglucoside

Polygonatum
multiflorum

8-C-galactosylapigenin and 6-C-galactosyl-8-Carabinosylapigenin

Intracellular

Rhizomnium
magnifolium
and
R.pseudopunct
atum

Six flavonoid glycosides (e.g. apometzgerin 7-Oglucuronide, selgin 7,5′-di-O-glucuronide and
tricetin 7-3′-di-O-glucuronide)

Intracellular

Increase as a
UV-B
response
NI

Antioxidant
activity

Reference

NI

Anhut et al.
(1989)

Temperate
(Spain)**

NI

NI

Basile et al.
(1999)

Temperate
(Germany)**

NI

NI

Vandekerkhove

Temperate
(Poland)**

NI

Subarctic
(Finland)

NI

(1980)
NI

Chopin et al.
(1977)

NI

Mues et al.
(1986)

*Species also found in subarctic regions, ** Species also found in subarctic and Arctic regions, ^ Species also found in Antarctic and Arctic regions,
^^ Species also found in subantarctic, subarctic and Arctic regions, # Species also found in subarctic, subantarctic and Antarctic regions, and ## Species
also found in subantarctic regions (According to Global Biodiversity Information Facility). 1 For species which show an increase in total UVAC level
(see Table 1.2)

15

Table 1.2: Some examples of polar and subpolar species whose total UVAC concentration has been investigated with UV radiation enhancement. NI = Not
Investigated, NS = response not significant
Plant type
Tree

Species
Vaccinium myrtillus

Fresh type
Fresh

Region
Subarctic (Sweden)

Intracellular
Yes

Cell Wall
No

V. uliginosum

Yes (NS)

No

V. vitis-idaea

No

Yes

Reference
Semerdjieva et al. (2003)

Cushion plant

Colobanthus quitensis

Fresh

Antarctica

Yes

No

Ruhland and Day (2000)

Liverwort

Cephaloziella varians

Fresh

Antarctica

Yes

NI

Newsham et al. (2002)

Moss

Andreaea regularis

Fresh

Antarctica

Yes

NI

Newsham (2003)

Bryum argenteum

Fresh

Antarctica

Yes

NI

Singh and Singh (2014)

Bryum pseudotriquetrum

Fresh

Antarctica

Yes

NI

Dunn and Robinson (2006)

Sanionia uncinata

Fresh

Antarctica

Yes

NI

Newsham et al. (2002)

Pleurozium schreberi

Fresh

Subarctic (Finland)

Yes

NI

Lappalainen et al. (2008)

Polytrichum juniperinum

Fresh

Subarctic (Finland)

Yes

NI

Lappalainen et al. (2010)

Pleurozium schreberi

Fresh

Subarctic (Finland)

Yes

Yes (Dark deposits)

Taipale and Huttunen (2002)

Hylocomium splendens

Fresh

Subarctic (Finland)

Yes

Yes (Dark deposits)

Huttunen et al. (2005b)
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1.7.2 Antioxidant activity
In addition to the absorbance of harmful UVR, some flavonoids such as quercetin and lutonarin
with additional hydroxyl groups also play an important role in scavenging ROS induced by UVB radiation reviewed in Bornman et al. (1997). Husain et al. (1987) reported the hydroxyl
radical scavenging activity of flavonoids and showed that scavenging ability would be related to
structure. For example, the scavenging activity decreases as the number of hydroxyl groups
substituted at ring B decline.
The role of flavonoids as antioxidants have been discussed (above) and higher solar radiation
induced antioxidant activity has been found in some species. For example, the accumulation of
flavonoids with antioxidant properties with increasing solar irradiance in the shrubs, Phillyrea
latifolia and Ligustrum vulgare was reported, providing evidence that these flavonoids were
produced as a response to solar irradiation-induced oxidative stress (Tattini et al., 2005, Agati et
al., 2009). Studies which determined flavonoid concentrations in the higher plants, Arabidopsis
and Petunia found higher hydroxylation levels with enhanced UV-B radiation (Ryan et al.,
2001, Ryan et al., 2002), suggesting that these plants respond to enhanced UV-B levels by
producing flavonoids not for their UV- absorbing properties but for their antioxidant activity
because such hydroxylated compounds have low UV-absorbing potential (Winkel-Shirley,
2002).
In some mosses, B. pseudotriquetrum, positive relationships between UV-B radiation and
concentration of intracellular UVACs have been reported, and it was suggested these pigments
could act as UV-screening or antioxidant compounds (Dunn and Robinson, 2006). A recent
study showed dual roles as both direct (UV-screening) and indirect (antioxidant)
photoprotective processes for some identified UVACs from Ceratodon purpureus (Waterman et
al., 2017).
1.8 Localisation of UV-B absorbing compounds
Although UVACs have been studied in various bryophytes, the majority of these studies have
focused on soluble UVACs (intracellular compounds) which are most accessible and easier to
isolate and characterise. However, recent studies revealed compounds in cell walls could also
play important roles in reducing damage from UV-B radiation and they could be an even more
effective barrier than intracellular compounds (Clark and Robinson, 2008, Robinson and
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Waterman, 2014, Waterman et al., 2017). One study using 87 bryophytes (22 liverworts, 64
mosses and one hornwort) revealed that mosses had lower intracellular UVACs than liverworts
but higher concentration in cell wall-bound UVACs was observed (Monforte et al., 2018),
suggesting that mosses would be more suitable than liverworts to inhabit exposed areas with
high UV radiation level .
Within moss species, C. purpureus, which accumulated less damage from UV-B radiation
compared to the co-occurring B. pseudotriquetrum (Leslie, 2003), showed a higher
concentration of cell wall-bound UVACs than B. pseudotriquetrum, although total UVAC
contents in the two species were very similar.
These studies provide evidence that cell walls could protect from UV radiation more efficiently
(Clark and Robinson, 2008). In addition, high concentrations of cell wall bound UVACs is a
good strategy to thrive under the harsh environment such as the Antarctica. A recent study
focused on C. purpureus collected from Antarctica and Australia identified the two most
abundant biflavonoids in both populations, however in Antarctic C. purpureus, cell walls
contained these biflavonoids as a major compound, while a complete lack of these compounds
was seen in the cell wall extracts in the Australian moss. The different environmental conditions
in these two populations of C. purpureus would cause the different localization. The
Antarctic C. purpureus is exposed to freezing, desert condition, therefore biflavonoids in its cell
walls could be important to maintain these structures under polar environments characterised by
freeze/thaw and desiccation/rehydration. While C. purpureus in Australia, is exposed to more
temperate conditions and this allows the bioflavonoids to be kept inside cells where they can be
more easily mobilized (Waterman et al., 2017).
A significant reduction or no correlation of UVAC concentration with enhancement in UV-B
radiation was found in some mosses such as the subarctic dominant mosses, Polytrichum
commune (Gehrke, 1999), Sphagnum mosses (Niemi et al., 2002) and Pleurozium schreberi
(Huttunen et al., 2005b), and the Antarctic mosses, S. uncinata, Chorisodontium aciphyllum,
Warnstorfia sarmentosa and Polytrichum strictum (Boelen et al., 2006). However, in these
studies, only methanol-extractable UVACs (intracellular compounds) were considered,
therefore if the majority of compounds are bound to cell walls, investigation of cell wall-bound
UVACs would be necessary to fully resolve UV tolerance and strategies in these species as
suggested by Boelen et al. (2006).
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1.9 Moss is a potential candidate for reconstructing past variation in ozone and UVR
In a cold isolated region like Antarctica, climate records are limited. Systematic ozonemeasurements over the Antarctica began in 1957, and satellite data of total ozone and surface
UV-B is available for only the past four decades (Rozema et al., 2002). Proxies which provide
evidence of past variation in UV-B radiation would contribute to deeper understanding of the
past polar environment (Bornman et al., 2015) and UVACs could be potential biological proxies
to assess ozone and UV-B variability during past centuries, before reliable instruments were
developed and deployed (Rozema et al., 2002). UVACs (p-coumaric and ferulic acids) in cell
wall of Lycophyta (clubmoss) spores at high latitude showed a significant linear increase with
decadal depletion in total ozone, while spores from Ecuador showed no correlation with the
increase in UV-B levels. Lycophyta spores originating from locations where they are exposed to
different UV-B adapt to the large UV-B variance and they could be used in ozone
reconstruction. In addition, ozone reconstruction based on the concentration of UVACs in the
spores from Greenland was very similar to measured ozone and percentage change in UV
radiation, suggesting the potential use of spore UVACs in this species to assess the past change
in stratospheric ozone and UV-B radiation (Lomax et al., 2008).
More stable flavonoids would be better biological proxies for reconstruction of ozone
concentration (Ryan et al., 2009). These authors also suggested that mosses are good indicators
to analyse UV-B induced response because of the lack of morphological UV protective
mechanisms and species such as the Antarctic moss, B. argenteum used in their study show a
positive correlation between the concentration of two flavonoids and ozone depletion,
suggesting the levels of these flavonoids could be used as a source to analyse past ozone
concentration. In some subarctic mosses, Pleurozium schreberi, Funaria hygrometrica and
Polytrichastrum alpinum, different radiation conditions affected UVAC levels and it is expected
that UVACs in these species could reflect radiation climate (Huttunen et al., 2005a). Therefore,
before mosses can be used as climate proxies, conditions that must be present include 1)
correlation between UV dose and UVAC concentration, 2) stability of UV compounds over
time. Cell wall-bound UVACs might satisfy these condition because compounds bound to cell
walls are thought to be more effective and stable than intracellular compounds (Waterman,
2015).
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1.10 Aim of this project
This research ultimately aimed to investigate whether UVAC changes in Antarctic mosses can
be used to describe Antarctic past climate change, for which reliable data is not available.
In Chapter 2, I determined the most effective sample preparation, focusing on a drying process
and CW wash. Moss extractions have been conducted with different sample preparations. For
example, previous studies introduced different drying processes, such as air drying and freeze
drying, before grinding mosses. It has been suggested that the drying process prior to extraction
of higher plant leaves seems to introduce a large variation in efficiency of extraction. Also,
according to a few studies which assess CW UVACs in mosses, a washing process before CW
extraction, which is considered to remove unwanted substances such as lipids, was conducted in
some studies, while others skipped this process. In the chapter, I therefore, investigate total IC
and CW UVAC concentrations, antioxidants or UVAC compositions in two different temperate
mosses with different drying methods, fresh, air drying and freeze drying. In addition, I also
assessed the effect of CW wash process by comparing between CW UVAC concentration and
composition in moss extract which were extracted with and without the washing process. This
optimised method was then used in Chapter 3.
In Chapter 3, I investigated UVAC concentration changes in four different Antarctic mosses
over time as well as with changes in ozone concentration and water availability to determine
whether mosses accumulate the compounds according to climate changes.
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CHAPTER 2
Method comparison for analysis of UV absorbing
compounds in moss
2.1 Introduction
Various compounds within plants are known to screen harmful ultraviolet (UV) wavelengths
and they might play important roles in reducing damage from this radiation, especially in
mosses which have a lack of morphological defense mechanism (Gehrke, 1999). Due to their
UV screening nature, these compounds are commonly referred to as UV absorbing compounds
(UVACs) that range in complexity and polarity. Many studies analyse concentrations of these
compounds and environmental variables such as UV radiation level, and show evidence that
UVACs respond to enhanced UV radiation by increasing the content of these valuable
compounds (Dunn and Robinson, 2006, Ryan et al., 2009, Newsham et al., 2002, Newsham,
2003).
Methanol, ethanol, acetone and ethyl acetate extractions are the most common processes to
extract these compounds from plant materials, however there is no universal extraction method
which can be used in all plants (Dai, 2010). Methanol (MeOH) extraction is the most accessible
(Robinson and Waterman, 2014), and commonly applied in many studies in the form of pure
(100%) aqueous or acidified MeOH for UV absorbance and pigment analysis in mosses (Table
2.1). However, most of these studies focus only on MeOH soluble UVACs (referred to as
intracellular; IC compounds in this chapter) and only very few studies consider cell wall (CW)bound UVACs (Table 2.1) which are thought to be more efficient in protecting mosses from UV
radiation damage (Clark and Robinson, 2008, Waterman et al., 2017). Although it is difficult to
find studies that assess UVACs in CWs, the extraction processes in these studies are slightly
different. For example, in two studies where extraction of CW-bound pigments in mosses was
conducted, moss samples were prepared for CW extractions by incubation in salt solutions such
as sodium chloride (NaCl) and sodium dodecyl sulphate, and chloroform/methanol after MeOH
extraction (Clark and Robinson, 2008, Waterman et al., 2017). This treatment before CW
extraction, could help extract substances such as lipids left behind after MeOH extraction (Dai,
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2010). However, these additional steps are time consuming and there are some studies on
liverworts, which conducted CW extraction immediately after MeOH extraction (Fabón et al.,
2010, Martínez-Abaigar et al., 2015). The effectiveness and importance of the various
preparative methods for CW extraction on compound concentration and composition have not
been determined in mosses.
Another difference between plant extraction studies relates to the state of samples prior to
extraction. For instance, moss samples are often dried in many studies to facilitate grinding
prior to extraction. This grinding is an important process because higher extraction efficiencies
measured by antioxidant capacity in certain higher plants were shown as the particle sizes
decreased (Gião et al., 2009). In mosses, the majority of studies applied ambient air drying, but
freeze drying was conducted in some studies (Table 2.1). A previous study showed that the
highest levels of total UVACs, specifically phenolics, were observed after flash freezing
vegetables and fruits when compared to freeze dried and then oven dried samples (Asami et al.,
2003). Another study on fresh birch leaves obtained the highest UVAC when samples were
freeze dried (Keinänen and Julkunen-Tiitto, 1996). Although these two sets of results differ to a
study by Sejali and Anuar (2011) on Neem leaves, all three studies showed that oven dried
leaves had the lowest concentration of phenolics. These studies on higher plant leaves show a
large variation in efficiency of extraction, which seems to depend on the preparation of samples
prior to extraction. It is thus important to consider this is relation to moss extraction.
This study, therefore, aims to examine 1) whether the initial drying process changes either total
UVAC level, antioxidants or the proportion of different compounds by comparing fresh,
ambient air dried and freeze dried moss samples, and 2) whether the interim steps in the CW
wash affect the concentration and composition of UVACs in mosses and antioxidant activity
Since drying samples leads to change in UVAC concentration in some higher plants, it was
expected that total UVAC concentration and composition in mosses are affected by the different
drying processes. In addition, as the CW wash steps are thought to remove undesirable
substances, the processes might be needed for accurate data collection. This optimization of
plant extraction methods would contribute to the collection of more accurate data for both IC
compounds as well as CW-bound UVACs.
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Table 2.1: Some examples of sample preparation methods used for extraction of UVAC compounds
in mosses from polar regions. NI=Not Investigated
Moss
Drying
MeOH
NaOH
CW
Reference
process
extraction
extraction wash
Bryum
Air dried
MeOH:H2O:HCl; NI
NI
Dunn and
pseudotriquetrum,
79:20:1
Robinson
Ceratodon purpureus
(2006)
and Schistidium
antarctici
Sanionia uncinata

Air dried

MeOH:H2O:HCl;
79:20:1

NI

NI

Newsham et al.
(2002)

Andreaea regularis

Air dried

MeOH:H2O:HCl;
79:20:1

NI

NI

Newsham
(2003)

Ceratodon purpureus

Dried at 50 °C
and frozen at
-80 °C

MeOH

Yes

Yes

Clark and
Robinson
(2008)

Bryum argenteum

Air dried
(herbarium)

MeOH:H2O;1:1

NI

NI

Ryan et al.
(2009)

Ceratodon purpureus

Air dried and
herbarium

MeOH

Yes

Yes

Waterman et al.
(2017)

Sanionia uncinata,
Chorisodontium
aciphyllum,
Warnstorfia sarmentosa
and Polytrichum strictum

Air dried

MeOH:H2O:HCl;
79:20:1

NI

NI

Boelen et al.
(2006)

Hylcomium splendens
and Polytrichum
commune

Freeze dried

MeOH:H2O:HCl;
79:20:1

NI

NI

Gehrke (1999)

Pleurozium schreberi
and Hylocomium
splendens

Air dried

MeOH:H2O:HCl;
79:20:1

NI

NI

Taipale and
Huttunen (2002)

Pleurozium schreberi

Air dried

NI

NI

Sphagnum balticum and
Sphagnum papillosum

Freeze dried

MeOH:H2O:HCl;
79:20:1
MeOH:H2O:HCl;
79:20:1

NI

NI

Lappalainen et
al. (2008)
Niemi et al.
(2002)
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2.2 Materials and methods
Plant material
Moss samples of Bryum spp. and Ceratodon purpureus were collected from Wollongong, New
South Wales, Australia (34°24'31.9"S 150°53'04.2"E and 34°24'29.9"S 150°52'54.9"E,
respectively), during October 2017. The green tissue of each sample of moss species was cut
and divided into twelve 100 mg samples; four samples were immediately frozen at -20 °C, four
samples were air dried at room temperature in desiccant and another four samples were snap
frozen at -20 °C before freeze drying at -54 °C using a Christ Alpha 1‐2 LDplus Freeze‐Dryer
(John Morris Scientific, Australia).
Methanol extraction of IC compounds
These twelve moss samples (each 40-70 mg dry weight) were placed in a microcentrifuge tube
(1.5 mL) with 3 mm tungsten carbide beads and ground to a powder using a TissueLyser
(Qiagen, Australia) at 25 Hz for 1 min, then 1% hydrochloric acid (HCl) in MeOH (0.5 mL)
was added. After repeating this process three times, these moss samples were incubated for 2.5
hours (vortexed twice for 1 min after 75 min) then centrifuged at 16,000 g for 2 min. The
supernatants (IC extracts) were collected into new tubes and stored at -20 °C before analysis.
MeOH (1 mL) was added to each remaining moss pellet and stored at -20 °C ready for CW
extraction.
Cell wall wash
The moss pellets were washed with MeOH (1 mL) for 1 hour, vortexed (1 min) and centrifuged
at 16,000 g thrice to ensure that all IC contents were removed. The supernatants were poured off
and the remaining moss pellets were air dried overnight. Once these moss samples were dried
completely, they were weighed and half of each pellet was transferred to a new tube for CW
wash and extraction. The two halves were treated to CW extraction with or without the
preparative wash step. The washing steps involved washing the tissues twice with 1 M NaCl
(1mL), incubating twice in chloroform/methanol (1:1, v/v) for 15 min and once with MeOH. In
between each of these incubations, the samples were centrifuged at 16,000 g for 2 min and the
supernatants removed. The remaining washed tissues were dried in a fume hood for CW
extraction.
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Alkali extraction of CW-bound compounds
The dried moss pellet half of each sample with and without the CW wash was resuspended and
extracted with 1 M NaOH (1 mL) for 16 hours at room temperature in the dark. The moss
samples were then centrifuged at 16,000 g for 2 min and 800 µL of the supernatants (CW
extracts) were added to concentrated HCl (110 µL) to acidify the CW extracts to pH 1.
Spectrophotometric measurement
MeOH (IC) and alkali (CW) extracts were diluted by a factor of 20 and 10, respectively, and
transferred to UV grade polymethyl methacrylate semi-microcuvettes. The spectral absorbance
of these extracts was measured for the wavelengths between 250 and 750 nm using a Shimadzu
Pharmaspec UV-1700 UV-Visible spectrophotometer (Shimadzu, Japan). MeOH and a pH 1
solution of NaOH/HCl were used as blanks for the corresponding extract. Total UVAC
concentration was calculated as the area under the absorbance curve in the UV-B range
(AUC280-315) per mg dry weight of tissue (Newsham, 2003).
Ethyl acetate extraction
To concentrate the UVAC compounds within the CW extract, the alkali extracts (500 µL) were
subject to partitioning with ethyl acetate (500 µL). After vigorous mixing, the ethyl acetate layer
(upper layer) was collected into new tubes. This step was repeated three times, the ethyl acetate
layers were pooled and concentrated in a fume hood for 48 hours. Once these were completely
evaporated, the remaining concentrated samples were dissolved in 200 µL of MeOH and
examined for compound composition by HPLC and antioxidant activity by DPPH assay
(methods are below).
HPLC analysis
IC and CW extracts were filtered (0.45 µm) and analysed by high performance liquid
chromatography (HPLC). Filtered samples were injected (20 μL and 60 μL, for IC and CW
extracts respectively) into a Shimadzu HPLC system (SOD‐ M10AVP diode array detector,
CTO‐20AC column oven, LC‐10ATVP pump, SIL‐10Ai auto‐injector, SC‐10AVP system
controller, DGU‐20ALVP degasser) controlled by Shimadzu Class‐VP software (v6.12 SP3).
UVACs within the extracts were separated by a HPLC column (5 μm, 4.6 x 250 mm) using a
linear gradient from 1 to 100% of solvent B (0.1% TFA in acetonitrile,) within 70 min at a flow
rate of 1 mL/min (solvent A; 0.1% TFA in 5% acetonitrile). For IC extracts, compound
concentration per sample was quantitatively and qualitatively analysed on a dry weight basis.
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However, the effect of sample preparations on CW extractions was compared only qualitatively
in both mosses due to loss of some replicate samples which occurred during injection.
Total anthocyanin concentration
Total anthocyanin concentration in moss IC UVAC extracts were determined by a differential
pH method reported in Lovelock and Robinson (2002). Crude IC extracts (150 μL; pH 1) of
both mosses with different drying treatments were loaded into a 96 well plate. Each IC extract
(50 μL) was also neutralized using 250 μL of 2 M sodium acetate buffer (pH 5.0) and then
loaded to the plate (150 μL; pH 5). Absorbance was measured at 530 nm using a microplate
reader (BMG LABTECH, Australia). Total anthocyanin concentration was calculated from the
absorbance difference between pH1 and pH5 based on dry weight of tissue extracted with the
absorbance at pH5 adjusted for dilution (Equation.1).

Total anthocyanin concentration =

(Abs pH1 − Abs pH5 adjusted)
dry weigh

(eq. 1)

DPPH antioxidant assays
The antioxidant activities of UVACs in the mosses were assayed using 1,1‐diphenyl‐2‐
picrylhydrazyl (DPPH) as the source of free radicals (adapted from Brand-Williams et al.,1995).
Each sample (5 μL) was transferred onto a 96 well plate in triplicate, with 5 μL MeOH and 5 μL
of a flavonoid standard (rutin) also loaded in the same way as a negative (Abscont) and positive
control, respectively. The radical scavenging reaction was started by adding 195 μL of 120 M
DPPH to the wells of samples and controls. One empty row of the 96 well plate was used to
correct for background absorbance (Absblank). After 30 min incubation in the dark, absorbance at
517 nm was measured by a microplate reader and antioxidant activity was calculated using the
equation below (Equation. 2). The lower the absorbance value, the higher the antioxidant
activity of the extracts.

DPPH scavenging activity (%) = [

(Abssample − Absblank)
] × 100
(Absneg control − Absblank)

(eq. 2)

Data analysis
The statistical program JMP Pro 11 (Pro 11.0.0; SASS Institute Inc., USA) was used for all data
analysis. One‐way analysis of variance (ANOVA) was performed on IC UVAC total
concentration, anthocyanin concentration and % DPPH antioxidant activity in fresh, air dried
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and freeze dried samples to determine whether the different drying processes affect UVAC,
anthocyanin and DPPH scavenging level. Two-way ANOVA was used to analyse data of CW
UVAC contents and % DPPH scavenging activity with drying process or CW wash as the main
effects alongside their interaction term. When significant interactions were detected, Tukey’s
HSD post hoc tests were performed to determine significant differences among drying process
or between CW wash treatments. CW wash effects on CW UVAC concentration were
statistically determined using Student’s t-test.
2.3 Results
Total IC UVAC concentration
There was no significant difference in IC UVAC concentrations among fresh, air dried and
freeze dried preparations of either moss species (Figure 2.1). The concentrations of these
compounds were, on average, double that in C. purpureus than in the Bryum spp. extracted.

IC UVAC concentration
(AUC280-315mg-1 dry wt)

(a) Bryum spp.

(b) C. purpureus

15

15

10

10

5

5
0

0
Fresh

Air dried

Freeze dried

Fresh

Air dried

Freeze dried

Figure 2.1: The total concentration of IC UVAC after samples of (a) Bryum spp. and (b) C.
purpureus were initially prepared fresh/frozen, air dried and freeze dried. Columns represent means
(±SD; n=4).
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Total CW UVAC concentration
In Bryum spp., there was no significant interaction effect between sample preparation and CW
wash, as well as no significant difference among sample preparations. However, CW wash
produced a significant effect on the UVAC concentration extracted from CWs (statistical results
shown in Table 2.2). Further analysis showed a significantly higher CW UVAC concentration in
CW washed samples than non CW washed samples (p=0.016). On the other hand, an interaction
effect observed in C. purpureus was significant. In this species, a significant effect of CW wash
on CW UVAC concentration was found (p=0.022). It was identified using the post-hoc test that
there was a significant increase in the concentration of CW-bound UVAC in fresh C. purpureus
between CW wash and non CW wash, but not in other treatments (Figure 2.2).
Table 2.2: Two-way ANOVA results showing degree of freedom (df), F statistic and p value in
Bryum spp. and C. purpureus comparing the main effects of sample preparation and CW wash, and
the interaction effect on total UVAC concentration in CWs. Significant differences (p<0.05) are
marked with *; NS=Non significant
Bryum spp.
C. purpureus

Sample preparation
CW wash
Sample preparation*CW wash

df
2
1
2

F
1.49
7.15
2.20

p
NS
0.016*
NS

CW UVAC concentration
(AUC280-315mg-1 dry wt)

(a) Bryum spp.

df
2
1
2

F
1.27
6.26
4.35

(b) C. purpureus

9

9

8

No CW wash

8

7

CW wash

7

6

6

5

5

4

4

3

3

2

2

1

1

0

0
Fresh

p
NS
0.022*
0.029*

Air dried

Freeze dried

*

Fresh

Air dried

Freeze dried

Figure 2.2: The concentration of CW bound UVACs after three different preparations of sampres
prior to extraction with and without CW wash in (a) Bryum spp. and (b) C. purpureus. The hatched
bars and white bars show CW bound UVAC concentration in species with and without CW wash,
respectively. (±SD; n=4, *p<0.05)
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HPLC analysis
Quantitative analysis of UVAC composition in the two mosses was conducted only in IC
extracts. For Bryum spp., five major compounds were found (unknown; labeled 1 to 5),
however, only compound 3 and 4 were detected in all samples (Figure 2.3a). Concentrations of
these compounds in air dried samples showed the highest value and a significant increase in
these compound concentrations in air dried and freeze dried samples compared to fresh samples.
C. purpureus, on the other hand, showed nine major peaks (labeled 1′ to 9′) and the most of
these compound concentrations were not significantly different among different sample
preparations (Figure 2.3b). Only compound 3′ showed a significantly higher value in air dried
and freeze dried samples than fresh samples. In addition, according to HPLC profiles in IC
extracts with different drying treatments, a similar trend of compound composition can be seen
in both Bryum spp. and C. purpureus (Figure 2.4). For CW extracts, only qualitative analysis
was conducted and the results from HPLC showed a similar trend of CW samples with different
sample preparations (Figure 2.5). Since all major compounds in CW extracts eluted off the
column within 30 minutes, the HPLC data of CW UVACs after 30 minutes was excluded in
both species.

Concentration in extract (*108)

(a) Bryum spp.

(b) C. purpureus
B

8
7

A

6

Fresh
Air dried
Freeze dried

AB

5

40
35
30
25
20

4
B
A AB

3
2
1

15

00

5

0

0

0
1

2

3

4

BB
A

10

1'

5

2'

3'

4'

5'

6'

7'

8'

9'

Figure 2.3: The concentration of UVACs in IC extracts by three different sample preparations in
(a) Bryum spp. and (b) C. purpureus. Different letters indicate significant difference in concentration in
UVACs among fresh (blue), air dried (red) and freeze dried (green) samples according to Turkey’s HSD
tests. (±SD; n=4). 0 = compounds were not detected.
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(b) C. purpureus
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Figure 2.4: HPLC profile in IC extracts by different drying methods in (a) Bryum spp. and (b) C.
purpureus. Y axis is a measure of intensity of absorbance in units of mAU (milli-Absorbance Units).
Note that Y axis has been truncated due to large injection peaks for air dried and freeze dried samples of
Bryum spp.
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Figure 2.5: HPLC profile within 30 min in CW extracts by different drying methods with no CW
wash (solid line) or CW wash (dashed line) in (a) Bryum spp. and (b) C. purpureus. Y axis is a
measure of an intensity of absorbance in units of mAU (milli-Absorbance Units). Note that Y axis has
been truncated due to large injection peaks for all samples of Bryum spp. and C. purpureus
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Total anthocyanin concentration
Total anthocyanin concentration of C. purpureus moss samples was found to be higher than in
Bryum spp (Figure 2.6). However, there was no significant difference in total anthocyanin
concentration among fresh, air dried and freeze dried samples for either species.

Antho concentration
(pH1-pH5)/g

(a) Bryum spp.

(b) C. purpureus

5

5
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1
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Air dried

Fresh

Freeze dried

Air dried

Freeze dried

Figure 2.6: The total concentration of IC anthocyanin by three different preparations for sample of
extraction in (a) Bryum spp. and (b) C. purpureus. (±SD; n=4).

DPPH antioxidant assays
Radical scavenging capacity of the IC extraction was higher (1.7 times) in Bryum spp. when
compared to samples extracted for C. purpureus (Figure 2.7). Within species, antioxidant
activity in IC and CW extracts did not differ either with sample preparation or CW wash (Figure
2.8), or an interaction between these main effects (Table 2.3).

(a) Bryum spp.

(b) C. purpureus

Figure 2.7: Percent DPPH scavenging activity in IC UVACs by three different preparations for
sample of extraction in (a) Bryum spp. and (b) C. purpureus. The horizontal line within the box signifies
the median, boundaries of the box indicate the upper and lower quartiles, and the whiskers represent the
highest and lowest values of the results. The “×” marked in the box indicates the mean (n=4).
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(a) Bryum spp.

(b) C. purpureus

No CW wash
CW wash

Figure 2.8: The white and gray boxes show the percentage DPPH antioxidant activity of NaOH
soluble UVACs in species without CW wash and with CW wash, respectively. The horizontal line
within the box signifies the median, boundaries of the box indicate the upper and lower quartiles, and the
whiskers represent the highest and lowest values of the results. The “×” marked in the box indicates the
mean (n=4).

Table 2.3: Two-way ANOVA summary table comparing the value of degree of freedom (df), F and
p in Bryum spp. and C. purpureus comparing the main effects of dring process and CW wash, and
the interaction effect on antioxidant activity in CW UVACs. NS=Non Significant
Bryum spp.

Sample preparation
CW wash
Sample preparation*CW wash

df
2
1
2

F
2.13
1.75
1.96

C. purpureus

p
NS
NS
NS

df
2
1
2

F
0.94
0.15
0.54

p
NS
NS
NS

2.4 Discussion
This study assessed the effect of different preparations of moss samples, fresh/frozen, air dried
and freeze dried, on the total concentrations of IC and CW UVAC, IC anthocyanins and
antioxidant activity. The necessity of adding in a CW wash step prior to the CW alkali
hydrolysis extraction method was also assessed. This study provides evidence that there is no
significant difference between the concentrations of IC, CW, anthocyanic and antioxidant
compounds extracted from moss samples that were immediately frozen (fresh), air dried or
freeze-dried. Although some particular IC compound concentrations were significantly higher
when samples were dried, overall, compound compositions did not seem to be impacted by
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different drying processes. Furthermore, this study revealed that a CW wash step increased total
CW UVAC concentrations in both species of mosses.
Contrary to the results of this study, the effect of sample preparation methods on UVAC
concentration can be found in some higher plants. For example, immediately extracted fresh
birch leaves and quick frozen fresh strawberries had the highest compound concentration
(Keinänen and Julkunen-Tiitto, 1996, Asami et al., 2003), but another study reported a
significantly greater level of total phenolic compounds in freeze dried leaves of the fragrant
flower, Alpinia zerumbet and the ginger, Etlingera elatior than the fresh samples (Chan et al.,
2009). In addition, similar HPLC profiles of the major compounds within MeOH extractions of
freeze dried and fresh E. elatior was found with higher levels of the minor compounds in the
freeze dried than the fresh leaves (Chan et al., 2009). Freeze drying plant samples prior to
extraction was suggested to lead to high compound concentrations because freezing forms ice
crystals that can rupture the cell structure and this might help lead to better solvent access
during extraction (Keinänen and Julkunen-Tiitto 1996). Chan et al. (2009) also investigated the
effects of air drying methods in the leaves of A. zerumbet and E. elatior, and air drying samples
showed a significantly lower level of total phenolic compounds compared to fresh samples.
However, another study analysed three different herbs, lemon balm (Melissa officinalis L.),
oregano (Origanum vulgare L.), and peppermint (Mentha × piperita L.) and found varied
effects on total phenolic concentration, increasing significantly in the last two herbs when air
dried, while lemon balms showed a slight insignificant decline (Capecka et al., 2005).
Therefore, it is difficult to suggest which drying method leads to the highest concentration of
UVAC compounds in higher plants.
Although it was expected that the different drying processes would affect UVACs in mosses,
this study did not show any significant effect of different drying methods. Thus, drying
pretreatments may not be important in terms of its effect on total concentrations and
composition of UVACs, and also antioxidant activity, but rather for the practicality when
extracting UVACs from mosses. For example, grinding immediately frozen/fresh mosses to a
fine powder is difficult; therefore, drying might be needed in mosses to improve extraction
efficiency. Thus, either air drying or freeze drying can be recommended for preparation of
extraction due to ease of milling these samples. Air drying at room temperature is often applied
due to its simplicity and low cost, especially when extracting large volumes or of samples. In
addition, the drying process preserves compounds and reduces damage when samples are
collected. This drying process is also commonly used for moss extractions (Table 2.1).
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This study did not include oven drying in comparison because previous studies showed low
concentrations of UVAC in some higher plants following oven drying (Keinänen and JulkunenTiitto, 1996, Asami et al., 2003, Chan et al., 2009, Sejali and Anuar, 2011). It has been proposed
that air-drying at temperature >60 °C might induce oxidative condensation and therefore
decompose heat labile compounds, leading to losses in compounds (Asami et al., 2003). Hence,
oven drying is possibly not appropriate for the preparation of moss extraction.
In addition, this study revealed that CW wash steps significantly increased CW UVAC
concentrations in both species of mosses. As a result, I showed that the concentration of UVAC
following CW wash was significantly higher in both Bryum spp. and C. purpureus highlighting
that this step is actually more important than originally thought. Alkali (NaOH) extraction has
been used to extract CW-bound compounds because NaOH treatment is believed to weaken
plant cell walls (Bach Tuyet Lam et al., 1990, Lozovaya et al., 1999). The CW wash process
which was conducted before CW extraction might help to break down the strong covalent bonds
found within plant cell walls, explaining why a higher mean UVAC concentration was
observed.
Between the two temperate mosses, although there was not a pronounced difference in CW
UVAC concentration between Bryum spp. and C. purpureus, it was clear that C. purpureus had
twice as high IC UVAC concentration as that in Bryum spp. (Figure 2.1). The results of HPLC
analysis revealed that C. purpureus showed the variety of UVACs (9 unknown compounds) and
these compound concentrations were higher than specific compounds in Bryum spp. (5
unknown compounds) (Figure 2.3). The differences would be explained with the location where
these moss samples were collected. Compared to Bryum spp. which was collected from a
partially shaded area, C. purpureus was collected from an unshaded area. Therefore, the
production of UVACs intracellularly could be a strategy for C. purpureus to thrive under
excessive sun light.
In conclusion, since drying process does not seem to affect either IC or CW UVAC
concentration and composition, or antioxidant activity in the two mosses tested, I recommend
that air drying or freeze drying is the best method for efficient compound extractions from
mosses. In addition, it is important to conduct a CW wash before CW extraction for more
precise UVAC concentration within CWs. For moss-specific extractions of UVAC, this study
contributes evidence to identify the most efficient sample preparation for obtaining accurate
data. Also, since there are slight differences among sample preparation for moss extraction in
previous studies, the current study could be used to assess data reliability depending on sample
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preparation in these previous studies, and also provide appropriate sample preparation for future
experiments.

36

CHAPTER 3
UV absorbing compounds in Antarctic moss may
reflect past environmental change
3.1 Introduction
The harsh environment of Antarctica, which is known as the coldest, windiest and most isolated
continent on the earth, limits plant life to cryptogamic species such as algae, lichens, mosses and
liverworts. Furthermore, expansion of the ozone hole causes high UV radiation, which damages
plant photosynthesis and reduces growth rates and survival, therefore, Antarctic flora has to be
tolerant of high UV radiation (see Chapter 1).
Ozone hole expansion was first observed over Antarctica in the early 1980s (WMO, 2010).
Before that period, there were already many ozone measurement techniques, including simple
measurements based on pressure, temperature, huramidity and wind speed since the late 1800s
(McElroy and Fogal, 2008). However, measurement of the ozone hole over Antarctica started in
1957 (Rozema et al., 2002), with measurements from space using satellites launched by NASA
since 1978 (McElroy and Fogal, 2008). Thus data of the ozone profile is only available from
1979 (NASA, 2018) (see Chapter 1) and the record of ozone depth and UV radiation levels over
Antarctica, is therefore limited.
Mosses, which are the dominant plants in Antarctica, might be a good proxy for the
reconstruction of ozone column and UV radiation levels over the continent (Ochyra et al.,
2008). Since these plants do not have physical strategies to avoid excessive sun light unlike
higher plants, they have developed UV absorbing compounds (UVACs) as the most common
defense mechanism. A number of studies have reported a correlation between UV radiation
level and UVAC concentration in mosses (Newsham et al., 2002, Newsham, 2003, Dunn and
Robinson, 2006, Ryan et al., 2009). These studies showed an increase in UVAC levels in
mosses with enhanced UV radiation levels. In addition, Antarctic mosses grow very slowly, e.g.
0.6–1.3 mm average growth rate per year in four Antarctic moss species from East Antarctica
(Clarke et al., 2012). As a result, 6 cm long shoots of these mosses were revealed to be at least
50 years old (Clarke et al., 2012). Therefore, if UVACs in mosses are stable and preserved for a
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long period, these plants could be used as biological proxies to reconstruct past ozone and UV
radiation data from before reliable ozone measurements started.
Plants can preserve records of the past in their tissues as they grow and age (Clarke et al., 2012).
Chemical signatures like radiocarbon (14C) enable researchers to accurately date when plant
tissues were growing when calibrated with atmospheric 14C records. Atmospheric radioactive
14

C concentration has changed dramatically in the past few centuries mainly due to human

activity (Hua, 2009). A large 14C concentration was observed in the late 1950s and early 1960s,
which is known as the bomb spike, caused by excess 14C production due to atmospheric nuclear
detonation (Hua and Barbetti, 2004). It was revealed that some wood preserves this carbon
signature, and the measurement of bomb radiocarbon in each growth ring reflects the plant’s age
(Menezes et al., 2003, Biondi et al., 2016). This technique has been used in several Antarctic
mosses, including Antarctic Bryum pseudotriquetrum, Ceratodon purpureus and Schistidium
antarctici (Clarke et al., 2012, Waterman, 2015). Similar to tree rings, mosses grow
incrementally adding new carbon to the top of their shoot, storing a signal of the atmospheric

14

C into the new cells of the plant with photosynthesis as they grow (Clarke et al., 2012) (Figure

3.1).
Figure 3.1: Dated C. purpureus shoot from ASPA 135 with approximate 14C calibrated dates. Image
adapted from Clarke et al. (2012).

The other minor carbon isotope (δ13C) value is a signature of water bio-availability in plants.
The main photosynthetic enzyme, named RuBisCO, discriminates against CO2 (Bramley‐Alves
et al., 2015) containing 13C preferring the lighter isotope 12C. When plants are photosynthesizing
in air, the C fixed is therefore depleted in 13C compared to air. However, when plants like
mosses are growing under a water layer discrimination limits the supply of CO2 and relatively
more 13C is fixed into carbohydrates like cellulose. Therefore, in mosses a more positive value
of cellulose δ13C indicates plants are growing in wetter environments and a more negative value
that their growth conditions are drier (Rice S and Giles, 1996). It has been revealed that the
value of δ13C within Antarctic moss shoots can be used as a proxy to reconstruct the past water
trends in Antarctica (Clarke et al., 2012, Bramley‐Alves et al., 2015).
38

The first investigation into whether Antarctic mosses can be used a bioindicator to estimate past
Antarctic UV climates was conducted on Antarctic C. purpureus, and revealed that there is an
association between cell wall (CW)-bound UVAC concentrations and UVR levels, showing a
significant relationship of CW UVAC concentration with long shoot age, and minimum ozone
hole depth (Waterman, 2015). In addition to this species, the study suggested the potential for B.
pseudotriquetrum and S. antarctici to be used as biological proxies.
My study aimed to determine whether UVAC concentrations in various species of moss show
any relationship with shoot depth/age, and also two environmental variables, ozone area/depth
and water availability. If there are such correlations, this study would provide strong evidence
for the potential use of Antarctic mosses as biological proxies to reconstruct past ozone depth
and UV radiation level in Antarctica. Given the age of moss shoots so far collected then records
could go back several hundred years (Waterman, 2015).
In this study, I investigated intracellular (IC) and CW UVACs in four species of Antarctic
mosses, B. pseudotriquetrum, C. purpureus, Chorisodontium aciphyllum and S. antarctici.
Although there are not many studies which focus on CW-bound UVACs, both IC and CW
bound UVACs were considered, as compounds bound to CWs are thought to be more stable and
well preserved. Therefore, CW-bound UVACs may give us more accurate data than those
located intracellularly (Waterman, 2015).
3.2 Methods and Materials
Sample collection
Long shoots of Bryum pseudotriquetrum (Hedw.) Gaertn., Ceratodon purpureus (Hedw.) Brid.,
Chorisodontium aciphyllum (Hook.f. & Wilson) Broth. and Schistidium antarctici (Card.) were
collected from various coastal sites in East and West Antarctica over several field seasons
(Table 3.1). These samples were collected by Laurence Clarke (2005), Sharon Robinson (2010
and 2013), Jessica Bramley-Alves (2012) and Melinda Waterman (2015-17) under collection
permits (e.g. ATEP2-12-13-4046). They were also air dried, imported into Australia and stored
at -20°C in the University of Wollongong prior to analysis.
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Table 3.1: Locations and collection dates of Antarctic moss shoot samples from coastal ice-free regions in the South Shetland Islands, West Antarctica and
the Windmill Islands, East Antarctica. Refer to Figure 3.2 for maps of site locations. ASPA refers to Antarctic Specially Protected Area; ^ Samples were pre-treated
as described in this section. Note that both pre-treated and non pre-treated samples were used in shoot #1 of C. purpureus and shoot #3 of S. antarctici (these pretreated shoots were described as 1' and 3', respectively).
Species
Shoot
Location
Date
Latitude
Longitude
References
number
collected
Bryum pseudotriquetrum
1
Collins Glacier, King George Island
11/01/2015
62°10'9.84"S
58°51'5.76"W
Unpublished data
“
2
“
13/01/2016
62°10'9.84"S
58°51'5.76"W
“
“
3
Fildes Peninsula, King George Island
31/01/2017
62°12'6.24"S
58°57'53.34"W
“
Bailey Peninsula, Windmill Islands,
Ceratodon purpureus
1, 1'^
Red Shed 3
29/12/2012
66°16'58.3"S
110°31'42.1"E
Waterman (2015)
“
2
ASPA 135 2
29/01/2012
66°16'59.9"S
110°32'28.6"E
“
“
3
Red Shed 2
10/02/2010
66°16'58"S
110°31'42"E
“
“
4^
ASPA135 1
14/01/2005
66°17'1"S
110°32'20"E
Clarke et al. (2012)
Chorisodontium aciphyllum
1
Byers Peninsula, ASPA, Livingston Island
27/01/2015
62°40'23.23"S 61°6'38.48"W
Unpublished data
“
2
Coppermine Peninsula, Robert Island ASPA
24/01/2015
62°22'42.2"S
59°41'53.4"W
“
“
3
Ardley Island, King George Island, ASPA
7/12/2013
62°12'32.88"S 58°56'25.92"W
“
Schistidium antarctici
1
Clark Peninsula ASPA136, Windmill Islands
5/02/2012
66°14'47.4"S
110°35'31.9"E
Waterman (2015)
Stevenson Cove 3,
“
2
Bailey Peninsula, ASPA135 2
29/01/2012
66°16'59.9"S
110°32'29.2"E
“
“
3, 3'^
Bailey Peninsula, Red Shed 1
29/12/2012
66°16'58.5"S
110°31'41.3"E
“
“
4^
Clark Peninsula ASPA136, Stevenson Cove 2 5/02/2012
66°14'46.9"S
110°35'30.8"E
“
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Figure 3.2: Maps showing locations where long moss shoots were collected in the South Shetland Islands, West Antarctica and the Windmill Islands, East
Antarctica: (A) location of King George Island and Robert Island in the South Shetland Islands region with Antarctica inset; (B) Collins Glacier, Fildes Peninsula,
King George Island; (C) Coppermine Peninsula, Robert Island (D) Clark Peninsula and Bailey Peninsula of the Windmill Islands region showing ASPA site details.
Maps were modified from Michel et al. (2014) (A, B), The Secretariat of the Antarctic Treaty (2012)(C) and The Australian Antarctic Division (2014)(D).

41

Sample preparation and age calibration
To obtain ages of long moss shoots, samples were cut, pretreated and dated by Dr Melinda
Waterman using methods described in Waterman (2015). Briefly, moss shoots were cut into 3
mm sections and divided into two samples: one for extraction of UVACs and the other for
dating as follows. One sample of each segment was pre-treated with 2 M HCl at 60 °C for 2 h to
remove carbonates. The pre-treated samples were then combusted at 900 °C overnight. The
moss tissues were converted to graphite using excess H2 gas over an iron catalyst and analysed
for 14C at the STAR Accelerator Mass Spectrometry (AMS) facility at ANSTO (Hua et al.,
2016, Clarke et al., 2012). Stable carbon isotopes (δ13C) were also measured as a part of dating
process (see Bramley‐Alves et al., 2015, Clarke et al., 2012 for more information). The age of
several moss segments per shoot were obtained based on the measured annual Southern
14

Hemisphere atmospheric C curves in terms of percent modern carbon (pMC). 14C ages and
pMC values for every moss segment dated have been shown in Table A-1. Interpolated dates
and δ13C values were used for segments that were not analysed for radiocarbon.
UVAC extraction and analysis
For UVAC analysis, corresponding moss shoot segments were weighed and transferred into
microcentrifuge tubes (1.5 mL). UVAC extraction was conducted in the same way as described
in Chapter 2, except IC extraction volume (1 mL of 1% HCl in MeOH) was similar in all moss
species except for shoot 1 of C. purpureus (0.75 mL of 1% HCl in MeOH). The amount of
Antarctic moss shoots used for this study was extremely small, ranging from 0.8-4.9 mg,
therefore, long shoot 1 of C. purpureus was used to assess whether that small amount was
appropriate for extraction and analysis of UVAC concentration. Since UVAC concentration in
the small amount sample was easily measurable in 0.75 mL solvent, the remaining moss shoots
were extracted with 1 mL of 1% HCl in MeOH, instead of 0.75 mL. CW extraction volume did
not differ to that reported in Chapter 2 (0.8 mL of 1 M NaOH neutralised with 110 L HCl).
CW wash was conducted before CW extraction in the same way as Chapter 2 as this process
could lead to more accurate CW UVAC concentration. UV-Vis absorbance of MeOH and alkali
extracts were measured and total UVAC concentration were calculated as described in Chapter
2. In addition, UVAC composition in the top (younger and green) section of each moss shoot
was measured by HPLC (see Chapter 2 for HPLC methods). The injection volume of IC and
CW extracts was 20 and 60 L, respectively. Since not enough material was available in the top
green parts for all shoots (depth; distance from shoot tip is 1.5 mm), the third and fifth top moss
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shoots were used in some samples, for example in B. pseudotriquetrum and C. purpureus. A
measurement of antioxidant activity was attempted but unsuccessful, possibly due to the small
sample sizes. Hence, larger amount of dated materials might be needed to investigate the shoot
profile of antioxidant activity in mosses.
In this study, a comparison between pre-treated moss shoot and non pre-treated moss was
conducted in two species of mosses, C. purpureus (shoot 1) and S. antarctici (shoot 3) to assess
the effects of pre-treatment of moss cores on total UVAC levels. This was because there was
additional pre-treated material available after dating which could potentially be used. In both
mosses, different results of CW extracts were observed, showing an increase in total CW
UVAC concentration within recent segments in pre-treated, and the opposite in non pre-treated
shoots. This determined that it is necessary to use non pre-treated moss tissue for UVAC
concentration analyses. For C. purpureus (shoot 4) and S. antarctici (shoot 4), only pre-treated
samples were available. See the appendix for results on the comparison of UVAC concentration
over time between pre-treated and non pre-treated shoots (Figure A-1 and Table A-2).
UVAC concentrations in moss shoot segments which are earlier than the year of 1960 were
excluded in the results section of this chapter. For the entire UVAC data set and analysis, see
the appendix Figure A-2 and Table A-3.
Data analysis
The statistical program JMP Pro 11 (Pro 11.0.0; SASS Institute Inc., USA) was used for all data
analysis. Data transformations were conducted when necessary to meet assumptions. General
linear models with two-way ANCOVA were performed to analyse data, with moss shoot and
calibrated 14C year, ozone hole area, minimum ozone depth or δ13C value as the main effects
alongside their interaction term. When significant interactions were found, Tukey’s HSD post
hoc tests were conducted to determine significant differences between moss shoots. In addition,
bivariate analysis was used to identify a significant relationship between UVAC concentrations
and calibrated 14C year, ozone hole area, minimum ozone depth or δ13C value in each moss
tested in this study and in individual moss shoots for further analysis. Note that these analyses
were only performed for non pre-treated moss shoot samples.
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3.3 Results
Relationship between IC and CW UVAC levels
The only consistent relationship between IC and CW UVAC level was found in S. antarctici,
which showed a positive correlation (F1,49 =22.16, p<.0001) (Figure 3.3d, Table 3.2). On the
other hand, varied relationships between IC and CW UVAC concentration were seen in the
other mosses (Figure 3.3abc, Table 3.2). The only significant interaction was in C. aciphyllum
which showed an increasing trend for two shoots but not for the third (Figure 3.3c, Table 3.2).
For all species, significant differences in IC UVACs between shoots were observed (Figure 3.3,
Table 3.2)

Figure 3.3: Relationships between IC and CW UVAC concentrations between 1960 and current in
individual 3 mm segments of three shoots of (a, b) B. pseudotriquetrum, (c, d) C. purpureus, (e, f) C.
aciphyllum and (g, h) S. antarctici. Different letters indicate significant differences in IC UVAC levels
between shoots according to Tukey’s HSD tests. Linear equations are given for trends in species which
showed significant interaction effects, and R2 values are for mean linear trends for species where all three
shoots showed a significant change in UVAC contents. *p<0.05, **p<0.01, ***p<0.001
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Table 3.2: ANCOVA results for the correlation between IC and CW UVAC concentration between
1960 and current in long shoots of B. pseudotriquetrum, C. purpureus, C. aciphyllum and S. antarctici.
B. pseudotriquetrum
Shoot
CW
Shoot*CW

F
5.22
0.71
0.12

p
0.017*
NS
NS

C. purpureus^

C. aciphyllum

F
6.09
2.91
0.11

F
19.74
0.75
7.58

p
0.01*
NS
NS

S. antarctici^

p
<0.0001***
NS
0.0023**

F
36.76
33.72
1.34

p
<0.0001***
<0.0001***
NS

^ Data was square-root transformed, *p<0.05, **p<0.01, ***p<0.001, NS=Non Significant
UVAC concentration change over time
The three species B. pseudotriquetrum, C. aciphyllum and S. antarctici showed significant
differences in IC UVAC concentrations between shoots (Figure 3.4, Table 3.3). However, there
was no correlation with date or interaction between date and shoot for any of the species. For B.
pseudotriquetrum, shoot 1 had a significantly lower mean value for IC UVAC than shoot 2 and
3 (Figure 3.4a). For C. aciphyllum, IC UVAC concentration in shoot 2 was significantly higher
than shoot 1 and 3 (Figure 3.4e), while in S. antarctici, a significantly higher value for IC
UVAC concentration was found in shoot 3 than shoot 1 and 2 (Figure 3.4g).
For CW UVAC concentration, significant interactions between date and shoot were found in B.
pseudotriquetrum, C. aciphyllum and S. antarctici (Figure 3.4, Table 3.3). These species
significantly changed their UVAC concentrations within CWs over time in some shoots but not
all (B. pseudotriquetrum; F1,21 =7.5, p=0.012, C. aciphyllum; F1,28 =20.63, p<.0001 and S.
antarctici; F1,18 =6.45, p=0.021). For B. pseudotriquetrum, shoot 3 showed the lowest level in
CW UVAC followed by shoot 1 and 2, with shoots 1 and 2 showing a significant decrease in
CW UVAC over time (F1,9=53.65, p<0.0001 and F1,3=113.89, p=0.0018, respectively) (Figure
3.3b). For C. aciphyllum, shoot 1 showed a significantly higher concentration of CW UVAC
than shoot 2 and 3. Shoot 1 and 2 showed a significant decrease in CW UVAC over time
(F1,12=57.92, p<.0001, F1,8=12.45, p=0.0077, respectively) (Figure 3.3f). CW UVAC content in
S. antarctici was significantly higher values in shoots 2 and 3 than in shoot 1. Among these
shoots, only shoot 2 showed a significant decrease in CW UVAC against calibrated 14C age
(F1,5=44.43, p=0.0011) (Figure 3.3h). No significant effects were found for C. purpureus
(Figure 3.4, Table 3.3).
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Figure 3.4:UVAC concentration change against calibrated 14C ages from the year in 1960s to
current in IC and CW extracts of long shoots, (a, b) B. pseudotriquetrum, (c, d) C. purpureus, (e, f) C.
aciphyllum and (g, h) S. antarctici. Different letters indicate significant differences in intracellular or CW
UVAC levels between shoots according to Turkey’s HSD tests. Linear equations are given in species
which showed significant interaction effects, and R2 values for the average linear correlation of all three
shoots in mosses which showed a significant change in UVAC contents. *p<0.05, **p<0.01, ***p<0.001
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Table 3.3: ANCOVA results for IC and CW UVAC concentration change between 1960 and
current in long shoots of (a) B. pseudotriquetrum, (b) C. purpureus, (c) C. aciphyllum and (d) S.
antarctici.

(a) B. pseudotriquetrum
IC^
Shoot
Date
Shoot* Date

CW

F
5.97
2.60
0.32

p
0.011*
NS
NS

F
31.78
127.68
49.04

p
<.0001***
<.0001***
<.0001***

IC
F
2.023
0.33
1.60

p
NS
NS
NS

CW
F
0.33
0.51
0.017

p
NS
NS
NS

IC
F
24.44
1.90
3.13

p
<.0001***
NS
NS

CW
F
8.90
14.1
16.0

p
0.0013**
0.001**
<.0001***

(b) C. purpureus

Shoot
Date
Shoot* Date

(c) C. aciphyllum

Shoot
Date
Shoot* Date

(d) S. antarctici

Shoot
Date
Shoot* Date

IC
F
19.87
2.60
3.23

p
<.0001***
NS
NS

CW
F
8.34
18.21
6.87

p
0.0041**
0.0008***
0.0083**

^ Data was square-root transformed, *p<0.05, **p<0.01, ***p<0.001, NS=Non Significant
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UVAC concentration change with ozone hole area
IC UVAC concentration did not show an interaction between ozone hole area and shoot for any
of the species (Figure 3.5, Table 3.4). A significant decrease in IC UVAC level as ozone hole
area increased was found in C. aciphyllum (F1,23=5.48, p=0.028) (Figure 3.5e, Table 3.4c), but
this relationship was somewhat weak (R2 = 0.19). In S. antarctici, a significant difference in IC
UVAC between shoots was found with significantly higher IC UVAC in shoot 1 than the other
two shoots (Figure 3.5g, Table 3.4d). No significant effects were found for either B.
pseudotriquetrum or C. purpureus (Figure 3.5, Table 3.4).
For CW UVAC concentration, significant interactions between date and shoot were found in B.
pseudotriquetrum and C. purpureus (Figure 3.5, Table 3.4). CW UVAC in B. pseudotriquetrum
showed a significant changes with ozone hole area (F1,21=6.50, p=0.019), increasing
significantly in shoot 2 (F1,3=45.84, p=0.0066) (Figure 3.5b, Table 3.4a). Conversely a
significant decrease in CW UVAC concentration with ozone hole area was found in shoot 3 of
C. purpureus (F1,5=23.65, p=0.0046) (Figure 3.5d, Table 3.4b). No significant effects were
found for either C. aciphyllum or S. antarctici (Figure 3.5, Table 3.4).

48

Figure 3.5: UVAC concentration change with ozone hole area in IC and CW extracts of long shoots,
(a, b) B. pseudotriquetrum, (c, d) C. purpureus, (e, f) C. aciphyllum and (g, h) S. antarctici. Different
letters indicate significant differences in intracellular or CW UVAC levels between shoots according to
Tukey’s HSD tests. Linear equations are given for trends in species which showed significant interaction
effects, and R2 values are for average linear trends of all three shoots in mosses which showed a
significant change in UVAC contents. *p<0.05, **p<0.01, ***p<0.001
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Table 3.4: ANCOVA results for IC and CW UVAC concentration change with ozone hole area in
long shoots of (a) B. pseudotriquetrum (b), C. purpureus (c), C. aciphyllum and (d) S. antarctici.

(a) B. pseudotriquetrum
IC
Shoot
Ozone hole area
Shoot* Ozone hole area

F
3.32
1.57
0.66

CW
F
12.53
19.57
8.90

p
NS
NS
NS

p
0.0005***
0.0004***
0.0023**

(b) C. purpureus
IC
Shoot
Ozone hole area
Shoot* Ozone hole area

CW

F
0.93
0.33
1.26

p
NS
NS
NS

F
3.14
1.84
11.9

p
NS
NS
0.003**

IC
F
21.54
2.74
2.13

p
NS
<.0001***
NS

CW
F
1.10
2.52
0.96

p
NS
NS
NS

IC
F
17.55
1.57
3.86

p
0.0005***
NS
NS

CW
F
1.66
0.99
1.60

p
NS
NS
NS

(c) C. aciphyllum

Shoot
Ozone hole area
Shoot* Ozone hole area

(d) S. antarctici

Shoot
Ozone hole area
Shoot* Ozone hole area

*p<0.05, **p<0.01, ***p<0.001, NS=Non Significant
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UVAC concentration change with minimum ozone depth
Similarly a significant interaction between IC UVAC concentration and minimum ozone depth
between C. aciphyllum shoots was found with a significant increase in the concentration as
minimum ozone increased (F1,23=7.50, p=0.012) (Figure 3.6e, Table 3.5c) driven mainly by
shoot 3 (F1,4=8.08, p=0.047). As above, S. antarctici showed a significant difference between
shoots, with shoot 3 significantly higher than the other shoots (Figure 3.6g, Table 3.5d). No
significant effects were found for either B. pseudotriquetrum or C. purpureus (Figure 3.6, Table
3.5).
As above, significant interactions between ozone depth and shoot were found in CW extracts of
both B. pseudotriquetrum and C. purpureus. In B. pseudotriquetrum, CW UVAC concentration
decreased as minimum ozone depth increased (F1,21=3.68, p=0.069) (Figure 3.6b, Table 3.5a)
significantly for shoot 2 (F1,3=27.96, p=0.013). Among shoots in this moss, shoot 2 showed
higher CW UVAC levels followed by shoots 1 and 3. A significant interaction effect between
UVAC concentration and minimum ozone depth was also observed in C. purpureus (Figure
3.6d, Table 3.5d). There was a significant increase in CW UVAC with ozone depth in shoot 3 of
this species (F1,5=18.7, p=0.0075). Neither a significant interaction or correlation between CW
UVAC level and minimum ozone depth was observed in the other two mosses, C. aciphyllum
and S. antarctici (Figure 3.6, Table 3.5).
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Figure 3.6: UVAC concentration change with minimum hole depth in IC and CW extracts of long
shoots, (a, b) B. pseudotriquetrum, (c, d) C. purpureus, (e, f) C. aciphyllum and (g, h) S. antarctici.
Different letters indicate significant differences in intracellular or CW UVAC levels between shoots
according to Tukey’s HSD tests. Linear equations are given for trends in species which showed
significant interaction effects, and R2 values are for average linear trends of all three shoots in mosses
which showed a significant change in UVAC contents. *p<0.05, **p<0.01, ***p<0.001 NS=Non
Significant
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Table 3.5: ANCOVA results for IC and CW UVAC concentration change with minimum ozone
depth in long shoots of (a) B. pseudotriquetrum, (b) C. purpureus, (c) C. aciphyllum and (d) S.
antarctici.

(a) B. pseudotriquetrum
IC
Shoot
Ozone depth
Shoot* Ozone depth

F
2.74
1.82
0.34

CW
F
12.43
11.79
7.83

p
NS
NS
NS

p
0.0032**
0.0032**
0.0039**

(b) C. purpureus
IC
Shoot
Ozone depth
Shoot* Ozone depth

CW

F
1.25
0.041
0.46

p
NS
NS
NS

F
0.55
0.26
6.31

p
NS
NS
0.019*

IC
F
23.36
5.96
3.73

p
<.0001***
0.025*
0.043*

CW
F
0.96
1.44
0.42

p
NS
NS
NS

(c) C. aciphyllum

Shoot
Ozone depth
Shoot* Ozone depth

(d) S. antarctici
IC
Shoot
Ozone depth
Shoot* Ozone depth

F
15.52
0.35
2.58

CW
p
0.0009***
NS
NS

*p<0.05, **p<0.01, ***p<0.001, NS=Non Significant
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F
1.51
0.94
1.64

p
NS
NS
NS

UVAC concentration change with water availability
A significant correlation between IC UVAC concentration and δ13C value was found in B.
pseudotriquetrum (Figure 3.7a, Table 3.6a). IC UVAC concentration in this species decreased
in all shoots as δ13C value increased (F1, 21=0.15, p=0.70), although the R2 was very small likely
driven by the large change in IC UVAC in shoot 2. IC UVAC concentration in shoot 3 of B.
pseudotriquetrum was significantly higher than shoot 1. For IC UVACs, a significant
interaction between shoot and δ13C value was found in C. aciphyllum (Figure 3.7, Table 3.6)
with IC UVAC concentration in shoot 2 increasing as δ13C value increased and a significant
opposite trend in shoot 3 (F1, 12=5.52, p=0.037). This species also showed significant differences
in IC UVAC concentration between shoots, with significant higher levels in shoot 2 than the
other two shoots (Figure 3.7e, Table 3.6c). No significant effects were found for either S.
antarctici or C. purpureus (Figure 3.7, Table 3.6).
In C. aciphyllum, there was a significant increase in CW UVAC concentrations as δ13C value
increased (F1, 32=22.17, p<0.0001), and also the concentration was different between shoots,
showing a significantly higher level in shoot 2 than shoot 1 (Figure 3.7f, Table 3.6c). For the
other shoots, there was a significant interaction between CW UVAC concentration and δ13C
value in B. pseudotriquetrum and S. antarctici (Figure 3.7, Table 3.6). CW UVAC in shoot 1 of
S. antarctici significantly increased as δ13C value increased (F1, 30=16.78, p=0.0003) (Figure
3.7h, Table 3.6d). In B. pseudotriquetrum, a significant increase in the CW UVAC
concentration as δ13C value increased was found in shoot 1 and 2 (F1, 9=44.4, p<0.0001 and F1,
3=14.75,

p=0.031, respectively) but not shoot 3. There was also a significant difference in CW

UVAC levels between shoots (Figure 3.7b, Table 3.6a) with shoot 2 of the species showed the
highest level in CW UVAC followed by shoot 1 and then shoot 3. No significant effects were
found for C. purpureus (Figure 3.7, Table 3.6).
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R2=0.57

R2=0.87

Moss δ13C signature (%)

Moss δ13C signature (%)

Figure 3.7: UVAC concentration change with δ13C in IC and CW extracts of long shoots, (a, b) B.
pseudotriquetrum, (c, d) C. purpureus, (e, f) C. aciphyllum and (g, h) S. antarctici. Different letters
indicate significant differences in intracellular or CW UVAC levels between shoots according to Tukey’s
HSD tests. Linear equations are given for trends in species which showed significant interaction effects,
and R2 values are for average linear trends of all three shoots in mosses which showed a significant
change in UVAC contents. *p<0.05, **p<0.01, ***p<0.001 NS=Non Significant
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Table 3.6: ANCOVA results for IC and CW UVAC concentration change with δ13C in long shoots
of (a) B. pseudotriquetrum (b) C. purpureus, (c) C. aciphyllum and (d) S. antarctici, and the interaction
between long shoots and δ13C value.

(a) B. pseudotriquetrum
IC^
Shoot
δ13C
Shoot* δ13C

F
4.82
7.37
1.46

CW
F
14.78
46.14
16.77

p
0.022*
0.015*
NS

p
0.0002***
<.0001***
<.0001***

(b) C. purpureus
IC
Shoot
δ13C
Shoot* δ13C

CW

F
1.56
0.14
0.48

p
NS
NS
NS

F
0.35
0.12
0.81

p
NS
NS
NS

IC^
F
17.35
0.77
4.079

p
<.0001***
NS
0.028*

CW^
F
p
3.82
0.034*
15.46 0.0005***
3.27
NS

(c) C. aciphyllum

Shoot
δ13C
Shoot* δ13C

(d) S. antarctici
IC
Shoot
δ13C
Shoot* δ13C

F
1.43
0.31
0.98

CW
p
NS
NS
NS

F
0.61
0.22
3.80

p
NS
NS
0.03*

^ Data was square-root transformed, *p<0.05, **p<0.01, ***p<0.00, NS=Non Significant
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Changes in specific compounds
For each species the top section of one shoot in each moss was picked and compared between
species. The newest long shoot segment of B. pseudotriquetrum showed a variety and high
concentration of IC compounds between the retention times of 15 and 30 minutes compared to
the other three mosses (Figure 3.8a). On the other hand, for CW compounds, peaks were very
small, especially in C. purpureus (Figure 3.8b). The HPLC profile of all moss shoot top
segments measured are shown in appendix (Figure A-3).
(a) IC

mAU

B. pseudotriquetrum
C. purpureus
C. aciphyllum
S. antarctici

Time (min)

mAU

(b) CW

Time (min)

Figure 3.8: HPLC chromatogram of (a) IC and (b) CW extracts between retention times 0 to 55
min in the top segments of a selected long shoot from the three shoots of each species, B.
pseudotriquetrum, C. purpureus, C. aciphyllum and S. antarctici. Y axis is a measure of an intensity of
absorbance in units of mAU (milli-Absorbance Units). Y axis for C. purpureus, C. aciphyllum and S.
antarctici were offset for both extracts. Note that Y axis was has been truncated due to large injection
peaks for CW extracts.
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3.4 Discussion
In this study, UVAC concentration changes with year, ozone and water availability were
assessed in four different Antarctic mosses to determine whether there is a correlation between
the compound contents and these variables. In addition, the results described in this study were
used to investigate the potential use of these mosses as biological proxies for past Antarctic
climate trends.
UVAC concentration change over time and with ozone depletion
Firstly, although it was expected that UVAC concentration would increase after 1970 when
ozone depletion was apparent, IC UVAC contents did not change over time, between 1960 and
the current year, and CW UVACs showed varying trends over time depending on moss species.
The three mosses, B. pseudotriquetrum, C. aciphyllum and S. antarctici, all showed significant
change over years in CW UVAC concentrations; especially a dramatic decrease in UVAC level
was observed in the youngest segments of B. pseudotriquetrum. On the other hand, there was no
significant change in CW UVAC accumulation over time in C. purpureus (Figure 3.4, Table
3.3).
A significant accumulation in IC UVACs with ozone change was found only in C. aciphyllum,
however, the relationship between the compound concentration and extent of ozone depletion
(ozone area) was weak and one shoot of this species accumulated IC UVAC compounds as
ozone depth increased. Therefore, ozone depletion is not the only factor to change UVAC levels
in this moss. In terms of CW UVACs, the one Antarctic moss, B. pseudotriquetrum,
significantly accumulated UVACs within its CWs as a response to an increase in ozone hole
area and a decline in ozone depth. On the other hand, the other two species, C. purpureus and S.
antarctici, did not change in either IC or CW UVAC concentration as a response to ozone
change (Figure 3.5&3.6, Table 3.4&3.5).
Dunn and Robinson (2006) suggested that B. pseudotriquetrum is the most tolerant and plastic
in its response to various climate stresses such as UV radiation and desiccation compared to two
other Antarctic mosses, C. purpureus and S. antarctici. A positive relationship of UVAC
contents with year and ozone level was also detected in herbarium samples of Bryum argenteum
suggesting the possible use of this species as a proxy for recording past ozone concentration
change (Ryan et al., 2009).
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Since the possible use of CW UVACs in C. purpureus as a biological proxy of ozone history
was suggested by Waterman (2015), C. purpureus was expected to accumulate UVACs in
response to reduced stratospheric ozone. However, significant changes in UVAC accumulation
in this species was not detected in this study. Furthermore, one shoot of C. purpureus showed a
significant decrease in CW UVAC levels but this was unexpectedly with larger ozone hole area
and thinner ozone depth (associated with more UV-B radiation). Therefore, this study cannot
confirm the suitability of this moss for the reconstruction of past Antarctic ozone concentration
and UV radiation. This result is supported by the study of Dunn and Robinson (2006), which
also showed no significant response of UVACs to various climate changes in this species
(although this was for IC not CW compounds). Similarly, S. antarctici did not show a
significant response to UV radiation or water availability in the same study, and the authors
suggested this moss is the most vulnerable moss species among the three Antarctic mosses
tested. The current study also did not show any significant response to ozone change and water
availability for either IC or CW UVACs in S. antarctici. Thus, it can be suggested that UVACs
in S. antarctici cannot be used as a biological proxy either. Although there are not many studies
which assess the relationship between UVAC concentration and environmental stresses in C.
aciphyllum, one previous study found that IC extracts of Antarctic C. aciphyllum did not react
to enhanced UV radiation level (Boelen et al., 2006).
Direct measurement of solar UV radiation has been available only since the early 1990s,
therefore reliable data of UV radiation level for more than 20 years is not available. However,
instead of direct measurements, it might to be possible to calculate UV irradiance with variables
which affect UV radiation levels including ozone column. Reconstruction of UV data from
biological proxies can possibly provide long-term data of UV radiation level (WMO, 2010). In
this study, UVAC concentration change was determined with ozone hole area and minimum
ozone data. Ozone concentrations are related to UV radiation but the relationship is not
straightforward (Ryan et al., 2009). UV irradiance at the surface is not easy to measure because
other environmental factors such as clouds affect the level of UV radiation (den Outer et al.,
2010, Kerr and McElroy, 1993). Therefore, the two ozone variables used in this study might not
be sufficent to describe if UVAC content changes with UV radiation level. Future work could
compare UV radiation data collected at the nearest measurement site, although this might be
some distance from the sites of moss collection. The ideal situation would be if UV data could
be collected over a reasonable period (multiple seasons) at moss bed sites.
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Localization of UVACs
In addition to this species, CW UVACs in B. pseudotriquetrum, C. aciphyllum and S. antarctici
appear to be more stable than IC UVACs in terms of longevity. Stability of UVACs is one of
the conditions for the use of mosses to reconstruct past Antarctic climates (see Chapter 1). It has
been revealed that mosses are more likely to contain higher levels of UVACs within CWs than
intracellular locations, compared to the other bryophytes, like liverworts which develop higher
intracellular UVACs (Monforte et al., 2018). In fact, higher CW UVAC than IC UVAC
concentration was found in the Antarctic mosses, C. purpureus and S. antarctici (Clarke and
Robinson, 2008) (Clark and Robinson, 2008). Therefore, for reconstruction of climate history,
CW UVACs could be more reliable to use as a biological proxy.
Since most studies on UVAC response to environmental stresses in Antarctic mosses have
focused only on IC extracts, this study provides further evidence of high tolerance in B.
pseudotriquetrum, given the accumulation of CW UVACs as a response to ozone depletion and
water availability. On the basis of this study, this species could be the most reliable species to
reconstruct Antarctic climate plus since it provides the increased reliability of using UVACs
bound to CWs rather than just those located inside the cell (IC). However, this species is known
to grow fast (Clarke et al., 2012, Figure A-2g&h), therefore it might be harder to find long
enough shoots of this species to record long term climate change. It is possible that B.
pseudotriquetrum or another Bryum species may turn out to be a more reliable long term record,
if plant material that is either longer lived or slower growing are found around the continent.
Alternatively the fast growth rate in B. pseudotriquetrum might make it a very sensitive species
for comparison of both interannual and spatial variation around the continent. Schistidium
antarctici, on the other hand, grows much slower than B. pseudotriquetrum (Clarke et al.,
2012). According to the entire data set of 14C ages of this species (Figure A-2g&h), it can be
revealed that the long shoots of S. antarctici tested in this chapter (Shoot 1 & 2) began growing
in the 15th or 16th century, therefore this species might be a good biological proxy to obtain
past climatic data over Antarctica the last 500 years, where data are not available from direct
measurements. However, since this species did not respond to either ozone or water availability
changes in my study, future studies would need to test whether other environmental variables
change UVAC concentration in this species to understand this species’ capacity to reflect
climate records in its tissues.
This study did not show significant IC UVAC level changes with either year, ozone or water
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availability for any species. The possible reason for this might be because locations of samples
collected were different. For example, B. pseudotriquetrum in the previous study was collected
from East Antarctica, while the shoots from West Antarctica were considered in the current
study. Antarctic plants are under various environmental stresses such as UV radiation, water
availability, air temperature, strong winds and snowfall (Dunn and Robinson, 2006), and these
climate variables could interact with each other and the combination might complicate how
individual environmental variables impact mosses. Therefore, regional climate variables could
affect UVAC production in mosses and it is possible that the same moss species from different
areas would show different responses in UVACs. Another likely reason for finding no
significant change in IC UVAC concentration over time would be due to poor stability of these
compounds when located within the cell (Waterman, 2015) or a relocation of these compounds
from IC to CW sites in the cells. Compound relocation could be because of cell leakage (Melick
and Seppelt, 2004) or, more likely, to offer anspatially uniform, and thus a more efficient
protection from high UV radiation (Robinson and Waterman, 2014, Waterman, 2015, Clark and
Robinson, 2008). The evident decrease in IC UVAC level when compared with CW UVAC
contents in two shoots of B. pseudotriquetrum, may support this hypothesis that UVACs are
relocated from IC to CW sites in this species.
UVAC concentrate changes with water availability
This study revealed that water availability affected UVAC concentration in the two species of
Antarctic moss. IC UVACs in B. pseudotriquetrum were accumulated in a drier condition, while
higher concentrations of CW UVACs was found under a wetter environment (Figure 3.7a&b,
Table 3.6a). In addition to this species, C. aciphyllum also showed a significant accumulation of
CW UVACs under wetter conditions (Figure 3.7f, Table 3.6c). No significant effect of water
availability for either IC or CW UVACs was found in either S. antarctici or C. purpureus
samples (Figure 3.7, Table 3.6).
It is suggested that ozone levels may affect the availability of water in the southern hemisphere
through the effect on the position and strength of the westerly winds (Robinson and Erickson,
2015). Desiccation can be one of the important factors influencing UVAC concentration in
plants. For example, in the fern, P. vulgare, desiccation significantly affected their total IC
phenolic compound levels, showing an increase in the compound concentrations when the fern
was desiccated and a decline when rehydrated. In addition, these phenolic compounds of
dehydrated cells were present in external locations, between the plasma membrane and cell wall
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(Bagniewska-Zadworna et al., 2008). In another study, desiccation increased intracellular
UVAC contents in the alga Porphyra haitanensis (Jiang et al., 2008). Furthermore, a
relationship between UVAC production and water availability was found in Australian moss, C.
purpureus, showing high CW UVAC concentration when water availability was low
(Waterman, 2015). Contrary to these studies, a significant change in UVAC concentration with
water availability (δ13C value) was found in the CW extracts of B. pseudotriquetrum, showing a
significant decline in UVAC level with more negative δ13C values in two shoots of this species,
while the IC UVAC levels in these two shoots increased (Figure 3.7, Table 3.6). This indicates
more CW UVACs when mosses are growing in wet sites and the opposite for the IC compounds
with more UVACs when the moss is dry. These shoots were collected from different
populations in consecutive years from ice-free sites on King George Island. The island is known
to support the richest diversity of moss in South Shetland Islands of Antarctica, with 64 species
of moss recorded in the area (Su-Ping et al., 2009). Because its average summer temperature is
near the melting point of ice, it is thought that this site is relatively sensitive to regional climate
change (Simoes et al., 2015). Therefore, UVACs in B. pseudotriquetrum from this site could
also respond sensitively to environmental changes. The difference between shoots emphasizes
the importance of considering moss microclimate as well as overall location climate.
Although UVAC concentration increase is considered as a response to drying conditions
(Waterman, 2015), my results showed a reduction in UVAC production in shoots one and two
of B. pseudotriquetrum. The possible reason for this might be because the location where these
two shoots were collected from could be experiencing more extreme desiccation events than
shoot 3 as shown in the different δ13C ranges. It is possible that this species requires a certain
amount of biologically available water for UVAC production because more water led to
increased production of UVACs. On the other hand, UVAC contents in the third shoot, which
seemed to be in a wetter environment due to its less negative δ13C values, did not respond to
water availability, or to moss segment age or ozone area/depth. This shoot was collected from a
different site from shoot 1 and 2 that is more likely to be shaded or covered in snow (M.
Waterman, pers. comm.). Given no response to these environmental changes, the shoot might
have been growing under snow when UV radiation at the surface is high. It is known that snow
cover plays a role to protecting plants from extremely low temperatures, desiccation and UV
radiation (Körner, 2003). Hence when mosses are under snow, they are most probably growing
under less stressful conditions, and therefore their UVACs might not respond to environmental
changes as much. This highlights the importance of being able to measure variation in UV
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radiation, and other environmental gradients, at the growth site in order to ensure that the
correlations being performed are valid. An alternative would be to test changes under controlled
environment conditions in a growth chamber.
Comparison between temperate and Antarctic mosses
Specific compound analysis was conducted on the top shoots of the four Antarctic mosses tested
by using HPLC but preliminary identification of these compounds was not carried out because
of time limitations. All three shoots of B. pseudotriquetrum had a variety of IC compounds and
these compound concentrations were higher than the other three species (Figure 3.8, Figure A3). Therefore, IC UVAC production in this species might be a major strategy to protect tissues
from environmental stresses. However, the HPLC profile for temperate Bryum spp. was very
different, showing a few major compounds and these compound concentrations were lower than
UVACs in Antarctic B. pseudotriquetrum (see Chapter 2). It is likely because that the temperate
Bryum spp. was shaded, therefore under less stresses, while Antarctic harsh conditions induced
the production of IC UVACs in B. pseudotriquetrum to protect from various environmental
stresses or because they are very different species. On the other hand, temperate C. purpureus
showed more types of IC compounds and higher concentrations than Antarctic C. purpureus
(see Chapter 2, Figure 3.8, Figure A-3). Two major compounds which are likely biflavonoids
(Waterman et al., 2017) were easily confirmed. The temperate C. purpureus was collected from
an exposed area, therefore, it could be under high levels of stresses such as strong light, high
temperature and desiccation, and these environmental factors might lead to high UVAC
production. In addition, temperate C. purpureus was extracted within one month after
collection, while the shoots of Antarctic C. purpureus were extracted 6 or 8 years after they
were collected. Thus, compounds in Antarctic C. purpureus may have broken down into
smaller, less UV-effective compounds while they were stored at -20 °C.
The effect of pre-treatment on UVAC concentration
Pre-treatment significantly affected CW UVAC concentration in both C. purpureus and S.
antarctici. As described in Methods and Materials in this chapter, these samples were oven
dried at 60 °C to remove as part of the pre-treatment steps prior to radiocarbon dating. Oven
drying is considered unsuitable in sample preparation for compound extractions because it is
thought that heating samples might decompose compounds and degrade them (Asami et al.,
2003). However, pre-treatment increased CW UVAC levels in both species and this is possibly
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because oven drying helped to break CW structure and led to higher level of UVACs. For future
studies, it is necessary to assess the effect of oven versus air drying on CW UVAC contents.
3.5 Conclusion
This study revealed UVACs within CWs are more stable in the three Antarctic mosses, B.
pseudotriquetrum, C. aciphyllum and S. antarctici, and B. pseudotriquetrum showed a
significant accumulation of its UVACs as a response to ozone depletion. Thus, the potential use
of B. pseudotriquetrum as a biological proxy for reconstruction of Antarctic past ozone
concentration and probably UV radiation level should be further explored. Since this moss
produces a variety and high levels of compounds, UVAC production might be a major strategy
to protect from high UV radiation, although the accumulation level of UVACs with ozone
depletion was different depending on shoots from different sites. Water availability might be a
very important key for UVAC production in this species as its UVAC concentration was high in
wet environments.
Given the stability of CW UVACs in the other two mosses, C. aciphyllum and S. antarctici,
they might be able to record past Antarctic climates, however, accumulation of the compounds
was not observed as a response to ozone depletion and water availability. The S. antarctici used
in this study can preserve UVACs within CWs for around 500 years, thus, this species might be
able to provide long term climate changes over Antarctica. For future studies, should assess this
species UVAC response to other environmental stresses to see if they can describe changes in
climate over Antarctica.
This study improves our understanding of relationships between UVAC levels and
environmental factors especially in plants which experience extreme environmental changes. In
addition, although not all mosses tested could be a candidate for describing past Antarctic
climate change, this study expands the possibility for using Antarctic mosses as biological
proxies for reconstruction of climate history over Antarctica.
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CHAPTER 4: Conclusion
Although many studies have conducted plant extractions, their extraction methods were all
slightly different to those described in this thesis, even when limited to Antarctic mosses (Fig
2.1). Determining the most effective moss extraction is very important, especially in precious
Antarctic mosses which grow very slowly and live in an isolated and harsh environment. This
knowledge would contribute to accurate data collection, and also determine the best way to
import and store collected Antarctic mosses without compromising the analysis of their
secondary metabolites.

There was no significant difference in ultraviolet absorbing compounds (UVAC) concentrations
and compositions or antioxidant activities among different drying preparations in the temperate
mosses, Bryum spp. and Ceratodon purpureus (Chapter 2). Since air drying or freeze drying
facilitates grinding samples and possibly leads to higher extraction efficiencies, these drying
processes are suggested as the most efficient sample preparation of moss extraction. In addition,
this study found a cell wall (CW) wash prior to a CW extraction lead to higher CW UVAC
concentrations in the two mosses. Therefore, this step should be included in any future CW
UVAC extraction of mosses.

Among the four Antarctic mosses I tested, CW UVACs in three mosses, Bryum
pseudotriquetrum, Chorisodontium aciphyllum and Schistidium antarctici, were preserved over
time (Chapter 3). In addition, since CW UVACs in B. pseudotriquetrum was positively
correlated with ozone depletion (Figure 3.6b), this species possibly can be used as a biological
proxy to reveal past ozone concentration changes over Antarctica. However, other
environmental factors could be involved in changing the concentration of CW UVACs since
this species was also affected by water availability. Given that CW UVACs of two mosses C.
aciphyllum and S. antarctici were preserved over time and showed no pronounced response to
ozone depletion or water availability, the involvement of other environmental stresses should be
considered. For future study, therefore, it is important to assess UVAC responses to other
environmental factors such as temperature individually and in various combinations.
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APPENDIX
Supplementary data for Chapter 3
Table A-1: Depth (distance from shoot tip in mm), percent modern carbon (pMC) and mean
modelled 14C ages for every moss segment extracted in this chapter. Segments calibrated at ANSTO
where sample processing was undertaken to obtain the 14C values have lab numbers. Date ranges, means
and medians were modelled using the OxCal program. Errors are 1 σ. *Only pre-treated samples were
used. Data reproduced with permission from Melinda Waterman.
Lab
UOW
Depth
number
number
(mm)
pMC
±
Bryum pseudotriquetrum, Collins Glacier, King George Island
OZV664
CGBP2 01
-1.5
103.33
±
CGBP2 04
-10.5
OZV665
CGBP2 05
-13.5
104.36
±
CGBP2 08
-22.5
OZV666
CGBP2 10
-28.5
105.09
±
CGBP2 13
-37.5
OZV667
CGBP2 15
-43.5
105.47
±
CGBP2 18
-52.5
OZV668
CGBP2 20
-58.5
105.74
±
OZV669
CGBP2 25
-73.5
106.84
±
CGBP2 27
-79.5
Bryum pseudotriquetrum, Collins Glacier, King George Island
OZV671
CGBP6 01
-1.5
103.74
±
OZV672
CGBP6 06
-16.5
104.40
±
OZV673
CGBP6 12
-34.5
105.23
±
OZV674
CGBP6 18
-52.5
106.14
±
OZV675
CGBP6 24
-70.5
107.15
±
Bryum pseudotriquetrum, Fildes Peninsula, King George Island
OZV678
ESCBP 01
-1.5
102.35
±
OZV679
ESCBP 05
-13.5
103.31
±
OZV680
ESCBP 10
-28.5
104.29
±
OZV681
ESCBP 15
-43.5
105.38
±
OZV682
ESCBP 20
-58.5
105.87
±
OZV683
ESCBP 25
-73.5
106.92
±
OZV684
ESCBP 29
-85.5
108.35
±
Ceratodon purpureus, Bailey Peninsula, ASPA135 1 *
OZJ102
ASPACP 01
-1.5
108.07
±
OZJ103
ASPACP 02
-7.5
116.86
±
OZJ452
ASPACP 03
-10.5
129.40
±
OZJ104
ASPACP 04
-16.5
138.69
±
OZJ105
ASPACP 05
-19.5
146.13
±
OZJ454
ASPACP 06
-22.5
151.47
±
OZJ106
ASPACP 07
-25.5
128.38
±
OZJ455
ASPACP 08
-28.5
110.48
±
Ceratodon purpureus, Bailey Peninsula, ASPA135 2
OZQ081
BACP2 01
-1.5
104.99
±
BACP2 05
OZQ085
-13.5
108.14
±
OZQ090
BACP2 10
-28.5
110.40
±
OZQ095
BACP2 15
-43.5
113.19
±
Ceratodon purpureus, Bailey Peninsula, Red Shed 2
OZO911
RS1 03
-6.5
104.63
±
OZO913
RS1 05
-12.5
107.19
±
OZO915
RS1 07
-18.5
108.52
±
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1σ

Median 14C
age

0.22

2012

0.24

2012

0.23

2011

0.23

2010

0.24
0.26

2009
2006

0.3
0.25
0.31
0.25
0.28

2012
2012
2010
2008
2006

0.25
0.24
0.23
0.27
0.25
0.46
0.69

2015
2013
2012
2010
2009
2006
2004

0.48
0.67
0.62
0.61
0.59
0.55
0.52
0.57

2003.60
1990.30
1980.45
1975.85
1972.60
1968.80
1962.00
1958.20

0.31
0.43
0.48
0.31

2010.85
2005.45
1999.95
1994.75

0.43
0.35
0.41

2009.60
2005.70
2003.25

OZO917
RS1 09
-24.5
110.31
±
OZO919
RS1 11
-30.5
111.72
±
OZO921
RS1 13
-36.5
117.06
±
OZO925
RS1 16
-45.5
121.74
±
OZO926
RS1 18
-51.5
128.72
±
OZO927
RS1 19
-54.5
114.36
±
Ceratodon purpureus, Bailey Peninsula, Red Shed 3
OZQ743
SR7RS 1
-1.5
106.55
±
OZQ745
SR7RS 3
-7.5
112.15
±
OZQ748
SR7RS 6
-16.5
119.87
±
OZQ750
SR7RS 8
-22.5
122.02
±
OZQ752
SR7RS 10
-28.5
143.09
±
OZQ755
SR7RS 12
-37.5
124.16
±
OZQ756
SR7RS 13
-40.5
100.51
±
OZQ759
SR7RS 16
-49.5
99.02
±
SR7RS 20
-61.5
SR7RS 24
-73.5
SR7RS 28
-85.5
Chorisodontium aciphyllum, Byers Peninsula, ASPA, Livingston Island
OZV707
BC 01
-1.5
103.9
±
BC 06
-16.5
OZV708
BC 11
-31.5
105.65
±
BC 16
-46.5
OZV709
BC 22
-64.5
109.63
±
BC 27
-79.5
OZV710
BC 32
-94.5
111.69
±
BC 37
-109.5
OZV711
BC 42
-124.5
115.12
±
BC 47
-139.5
OZV712
BC 52
-154.5
121.58
±
BC 57
-169.5
BC 62
-184.5
OZV713
BC 64
-190.5
133.11
±
Chorisodontium aciphyllum, Coppermine Peninsula, ASPA, Robert Island
OZV720
RC 01
-1.5
104.10
±
RC 05
-13.5
OZV721
RC 09
-25.5
106.89
±
RC 14
-40.5
RC 18
-52.5
RC 23
-67.5
OZV723
RC 27
-79.5
126.15
±
RC 32
-94.5
OZV724
RC 36
-106.5
153.12
±
RC 41
-121.5
OZV725
RC 45
-133.5
98.39
±
RC 50
-148.5
RC 53
-157.5
OZV726
RC 55
-163.5
100.34
±
Chorisodontium aciphyllum, Ardley Island, King George Island
OZR789
CI 01
-1.5
104.49
±
CI 04
-10.5
CI 08
-22.5
CI 12
-34.5
CI 16
-46.5
CI 22
-64.5
Schistidium antarctici, Clark Peninsula ASPA136, Stevenson Cove 2 *
OZP475
SCSA2 01
-1.5
106.67
±
OZP476
SCSA2 02
-4.5
117.92
±
OZP477
SCSA2 03
-7.5
133.72
±
OZP479
SCSA2 04
-13.5
125.45
±
OZP480
SCSA2 05
-16.5
104.04
±
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0.39
0.36
0.42
0.37
0.47
0.37

1999.35
1995.55
1990.40
1985.15
1980.30
1959.60

0.35
0.38
0.37
0.38
0.41
0.46
0.39
0.25

2008.05
1997.70
1988.15
1985.90
1970.50
1960.95
1950.70
1947.55

0.23

2012

0.19

2010

0.26

2001

0.28

1997

0.23

1997

0.29

1996

0.30

1978

0.22

2013

0.21

2008

0.24

1983

0.29

1960

0.25

1957

0.70

1956

0.24

2010

0.38
0.38
0.39
0.40
0.33

2005.50
1988.40
1977.55
1960.65
1953.30

OZP490
SCSA2 06
-46.5
OZP495
SCSA2 07
-61.5
OZP500
SCSA2 08
-76.5
OZP502
SCSA2 09
Schistidium antarctici, Clark Peninsula ASPA136, Stevenson Cove 3
OZP340
SCSA1 01
-1.5
107.13
±
OZP341
SCSA1 02
-4.5
110.65
±
OZP342
SCSA1 03
-7.5
116.85
±
OZP343
SCSA1 04
-10.5
126.09
±
OZP344
SCSA1 05
-13.5
136.82
±
OZP345
SCSA1 06
-16.5
141.92
±
OZP346
SCSA1 07
-19.5
116.80
±
OZP347
SCSA1 08
-22.5
101.54
±
OZP349
SCSA1 10
-28.5
99.71
±
OZP350
SCSA1 11
-31.5
98.52
±
OZP351
SCSA1 12
-34.5
98.44
±
OZP352
SCSA1 13
-37.5
98.82
±
OZP353
SCSA1 14
-40.5
98.96
±
OZP354
SCSA1 15
-43.5
98.94
±
OZP355
SCSA1 16
-46.5
98.55
±
OZP356
SCSA1 17
-49.5
97.99
±
OZP357
SCSA1 18
-52.5
98.25
±
OZP358
SCSA1 19
-55.5
97.17
±
OZP359
SCSA1 20
-58.5
97.60
±
OZP360
SCSA1 21
-61.5
97.81
±
OZP361
SCSA1 22
-64.5
97.76
±
OZP362
SCSA1 23
-67.5
98.00
±
OZP363
SCSA1 24
-70.5
97.56
±
OZP364
SCSA1 25
-73.5
96.19
±
OZP365
SCSA1 26
-76.5
97.23
±
OZP366
SCSA1 27
-79.5
96.69
±
OZP367
SCSA1 28
-82.5
96.09
±
OZP369
SCSA1 30
-88.5
96.65
±
OZP370
SCSA1 31
-91.5
96.37
±
OZP371
SCSA1 32
-94.5
95.49
±
OZP373
SCSA1 34
-100.5
96.03
±
SCSA1 36
-106.5
Schistidium antarctici, Bailey Peninsula, ASPA135 2
OZQ407
BASA2 01
-1.5
105.40
±
OZQ410
BASA2 04
-10.5
108.02
±
OZQ413
BASA2 07
-19.5
111.42
±
OZQ414
BASA2 08
-22.5
113.22
±
OZQ415
BASA2 09
-25.5
119.14
±
OZQ418
BASA2 12
-34.5
129.71
±
OZQ421
BASA2 15
-43.5
135.19
±
Schistidium antarctici, Bailey Peninsula, Red Shed 1
OZQ713
SR6SA1 01
-1.5
103.94
±
OZQ715
SR6SA1 03
-7.5
106.87
±
OZQ716
SR6SA1 04
-10.5
108.82
±
OZQ717
SR6SA1 05
-13.5
110.83
±
OZQ723
SR6SA1 11
-31.5
121.28
±
OZQ726
SR6SA1 14
-40.5
126.69
±
OZQ727
SR6SA1 15
-43.5
118.96
±
SR6SA1 20
-58.5
SR6SA1 25
-73.5
SR6SA1 30
-88.5
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0.27
0.28
0.28
0.29
0.31
0.32
0.29
0.26
0.30
0.29
0.28
0.29
0.27
0.31
0.32
0.34
0.31
0.33
0.35
0.32
0.28
0.41
0.32
0.32
0.41
0.30
0.31
0.44
0.40
0.43
0.45

2007.00
1999.70
1991.25
1983.45
1976.45
1970.80
1958.45
1950.60
1947.90
1932.30
1919.50
1909.95
1902.25
1896.10
1878.05
1848.80
1821.70
1784.00
1758.35
1732.45
1715.40
1694.80
1678.55
1663.20
1659.10
1654.15
1649.15
1641.90
1636.45
1629.30
1617.95

0.34
0.37
0.39
0.40
0.38
0.44
0.44

2010.75
2005.65
1999.40
1996.75
1990.15
1980.90
1971.60

0.34
0.36
0.38
0.43
0.46
0.44
0.36

2010.90
2006.30
2002.30
1998.30
1985.55
1981.55
1960.70

Comparison of UVAC concentration between pre-treated and non pre-treated samples
The comparison of UVAC levels between pre-treated and non pre-treated samples was
conducted for C. purpureus and S. antarctici. Although a significant lower UVAC level was
found in IC extracts of pre-treatment C. purpureus, the trend between the different treatments
was similar over time (Figure A-1a, Table A-2a). S. antarctici was not significantly affected by
the treatment (Figure A-1c, Table A-2b). On the other hand, for CW UVAC concentration, the
effect of pre-treatment was significant, increasing CW UVAC concentration over time in both
moss species (Figure A-1bd, Table A-2).

Figure A-1: UVAC concentration change over calibrated 14C ages in IC and CW extracts of pretreated samples of mosses, (a,b) C. purpureus and (c,d) S. antarctici, and their comparison (non pretreatment). Sample 4; only pretreated sample data was shown. Equations are given in species which
showed significant interaction effects. Shoot 1' and Shoot 3'; pre-treatment samples.
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Table A-2: ANCOVA results for IC and CW UVAC concentration change over time in long shoots
of pre-treated and non pretreated mosses, (a) C. purpureus and (b) S. antarctici.

(a) C. purpureus

Shoot
Date
Shoot* Date

IC
F
23.97
1.08
0.12

p
0.0002***
NS
NS

CW
F
16.86
4.60
5.29

p
NS
NS
NS

CW^
F
p
9.31
0.012*
0.69
NS
7.71
0.02*

p
0.0015**
NS
0.0402*

(b) S. antarctici
IC
Shoot
Date
Shoot* Date

F
0.22
2.29
1.76

^ Data was square-root transformed, *p<0.05, **p<0.01, ***p<0.001, NS=Non Significant
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Figure A-2: IC and CW UVAC concentration change over calibrated 14C ages in the all long shoot segments extracted. IC and CW UVAC levels are shown for
B. pseudotriquetrum (a, b), C. purpureus (c, d), C. aciphyllum (e, f) and S. antarctici (g, h). X axis was changed according to moss shoot age. Different letters indicate
significant difference in intracellular or CW UVAC levels between shoots according to Turkey’s HSD tests. Equations are given in species which showed significant
interaction effects, and R2 value is for the average liner of all three shoots in mosses which showed a significant change in UVAC contents. *p<0.05, **p<0.01,
***p<0.001
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Table A-3: ANCOVA results for IC and CW UVAC concentration change in the all long shoot
segments of (a) B. pseudotriquetrum, (b) C. purpureus, (c) C. aciphyllum and (d) S. antarctici.

(a) B. pseudotriquetrum
IC^
Shoot
Date
Shoot* Date

F
5.97
2.60
0.32

CW
F
31.78
127.68
49.04

p
0.011*
NS
NS

p
<.0001***
<.0001***
<.0001***

(b) C. purpureus
IC
Shoot
Date
Shoot* Date

CW

F
0.373
0.021
0.11

p
NS
NS
NS

F
2.05
1.60
0.83

p
NS
NS
NS

IC^
F
8.34
0.022
1.15

p
0.0014**
NS
NS

CW^
F
p
3.95
0.031*
8.17
0.0079*
3.32
0.051

IC
F
13.35
7.66
3.05

p
<.0001***
0.0082**
0.057

CW^
F
p
7.85
0.0012**
11.35 0.0016**
2.76
NS

(c) C. aciphyllum

Shoot
Date
Shoot* Date

(d) S. antarctici

Shoot
Date
Shoot* Date

^ Data was square-root transformed, *p<0.05, **p<0.01, ***p<0.001, NS=Non Significant
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B. pseudotriquetrum
(a) IC
mAU

mAU

(b) CW

Time (min)

Time (min)

C. purpureus
(a) IC

mAU

mAU

(b) CW

Time (min)

Time (min)

C. aciphyllum
(a) IC
mAU

mAU

(b) CW

Time (min)

Time (min)

S. antarctici.
(a) IC
mAU

mAU

(b) CW

Time (min)

Time (min)

Figure A-3: HPLC chromatogram of IC and CW extracts between the retention time from 0 to 55
min in the top segments of (a,b) B. pseudotriquetrum, (c,d) C. purpureus, (e,f) C. aciphyllum and (g,h)
S. antarctici. Y axis is a measure of an intensity of absorbance in units of mAU (milli-Absorbance Units).
Y axes of shoot 2 and 3 in each moss were offset. Note that Y axis has been truncated in samples which
showed large injection peaks. *Toppest/newest segment (depth; distance from shoot tip is 1.5 mm) has
not been applied (depth shoot 3 of B. pseudotriquetrum, shoot 1 and shoot 3 of C. purpureus are 13.5, 7.5
and 6.5 mm, respectively).
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